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ABSTRACT 
This work explores the effects of body shape and configuration of flagella on 
motility of Helicobacter pylori, a helical-shaped bacterium that inhabits the 
viscoelastic gastric mucosa and causes gastritis, ulcers and gastric cancer. 
Although it is well known that different shapes produce different hydrodynamic 
drag thus altering the speed and that helical shapes generate additional thrust 
this has not been quantitatively established for flagellated bacteria. Using fast 
time-resolution and high-magnification two-dimensional phase-contrast 
microscopy to simultaneously image and track individual H. pylori and its rod-
shaped isogenic mutant in broth and mucin solutions, the shape as well as 
	  x 
rotational and translational speed was determined. In collaboration with 
Professor Henry Fu and Mehdi Jabbarzadeh the experimental data was used to 
validate the method of regularized Stokeslets by directly comparing the observed 
speeds to numerical calculations. The results show that due to relatively slow 
body rotation rates, the helical shape makes at most a 15% contribution to 
speeds. In order to explore the effects of arrangement of flagella on motility three 
different Helicobacter spp. were examined: H. suis (bipolar, multiple flagella), H. 
cetorum (bipolar, single flagellum) and H. pylori (unipolar, multiple flagella) 
swimming in broth and mucin. Results show that regardless of media, the 
flagella bundles of bipolar bacteria can assume one of two configurations 
interchangeably: extended away from the body or wrapped around it. H. suis 
predominantly swims with the lagging flagella extended behind the body and 
the leading flagella wrapped around it, but cases where both bundles are 
extended or both are wrapped have also been observed. In addition the effects of 
varying pH on motility of H. suis in broth and mucin were investigated. In broth 
the rotational speed is not significantly affected by varying pH and the peak of 
the speed distribution shifts to lower values as the pH decreases. However in 
mucin the rotational speed decreases by a factor of 20 from pH5 to 4 and the 
	  xi 
motion is completely hindered below pH4. This indicates that H. suis is unable to 
move below pH4, in agreement with previous findings on H. pylori, due to 
gelation of mucin below pH4.   
	  xii 
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CHAPTER 1: INTRODUCTION 
The ability of bacteria to explore their surroundings is very important for 
survival [1] and in order to survive in a vast range of habitats bacteria have 
adapted their biological functions, generating an extremely diverse domain with 
a wide range of morphologies. Each particular shape has physical features that 
help the bacteria survive, explore and adapt to the surrounding environment, 
indicating that shape impacts natural selection [2, 3]. It is known that body shape 
affects translational and rotational drag thus altering motility through changes in 
swimming speeds. That leads to the belief that bacteria body shape is responsible 
for a crucial increase in motility. In order to reach nutritious regions or to escape 
harsh environments and toxins, chemotactic bacteria with different configuration 
of flagella adopt different swimming strategies to swim towards an attractant or 
away from a repellent. The strategies of unipolar flagellated bacteria, (one 
flagellum or multiple flagella situated at one end of the body) or peritrichous 
bacteria (multiple flagella distributed uniformly around the body) are very well 
known. However very little is known about swimming strategy of bipolar 
flagellated bacteria (single or multiple flagella on each pole of the body). 
In this thesis I explore issues related to motility of the gastric pathogen, H. pylori. 
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The following subsections give background information on Helicobacters (Section 
1.1) and how motility of bacteria is affected by body shape (Section 1.2), 
arrangement of flagella (Section 1.3), and pH (Section 1.4). 
1.1 BACKGROUND ON HELICOBACTER SPECIES 
 
Figure 1.1: TEM image of Helicobacter pylori strain LSH100. Image adapted from 
Martinez et al [4]. 
The presence of helical bacteria in the stomach of animals has been documented 
since the end of the 19th century [5, 6] but at that time it was taken with a lot of 
skepticism [7, 8]. Researchers found difficult to believe bacteria would be able to 
survive in the harsh highly acidic environment of the stomach and attributed it 
to sample contamination. In the 20th century, some studies started to show the 
presence of helical bacteria in human patients [9] and later its presence in the 
stomach started to indicate a correlation with gastric diseases [10]. During that 
time physicians started to report that patients with gastritis would get better 
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with intake of antibiotics [7]. However the community was too involved with 
developing anti-ulcer agents, driven by the pharmaceutical industry and most of 
the clinical community was left isolated from those publications.  
The relationship between H. pylori (see Figure 1.1) and gastric diseases only 
started to be taken seriously after the first successful culture of H. pylori (named 
Campylobacter pyloridis at that time) by Marshall and Warren in 1982 [11]. They 
were able to successfully culture the bacteria due to a lucky accident, where they 
forgot cultures collected from the gastric mucosa of patients on Petri dishes in 
the incubator over a long weekend. Before that they were disposing of the 
cultures after 48 hours. After that, in order to prove the relationship between H. 
pylori and gastric diseases, Berry Marshall drank a liquid culture containing H. 
pylori and developed signs of gastritis only 3 days later. Today, H. pylori’s major 
role on gastritis, gastric ulcers and stomach cancer is widely accepted; Marshall 
and Warren were awarded the 2005 Nobel Prize on Physiology and Medicine for 
this discovery. 
1.1.1 Infection and Colonization 
Helicobacter pylori infects half of the world’s population but has higher incidence 
in undeveloped countries [12]. That has been attributed to the rate of acquisition 
during childhood, which is much smaller in developed countries probably due to 
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improved medical care and sanitation. The exact pathways of infection are still 
not completely understood but it is believed that infection occurs mostly during 
early childhood through direct person-to-person contact via oral-oral, gastric-
oral or fecal-oral [12].  
Once H. pylori reaches the stomach, it starts a journey for survival. The lumen of 
the stomach is highly acidic (pH 2) and could easily digest this non-acidophilic 
bacterium, however H. pylori evolved to thrive in the stomach. In order to 
survive it raises the surrounding pH by hydrolyzing urea [13]. H. pylori is 
capable of producing the enzyme urease that catalyzes the hydrolysis of urea, 
producing ammonia and consequently increasing the pH: 
NH! !CO+ H!O urease CO! + 2NH! . 
H. pylori swims towards higher pH and higher concentration of urea, pointing it 
towards the gastric mucosa. The mucus covers the entire epithelium of the 
gastrointestinal system and is responsible for preventing self-digestion and for 
lowering the epithelial cells exposure to antigens [14]. The gastric mucus has a 
pH gradient that ranges from 2 (close to the lumen) to 7 (close to the epithelial 
cells) and a variable thickness ranging from 190− 275 µm [15]. It is organized in 
two layers: a more concentrated and densely packed inner layer that is firmly 
attached to the epithelial cells and a mobile less concentrated and loosely packed 
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outer layer. Gastric mucus is secreted by goblet cells and is mostly composed of 
water (< 95%), with the remaining being the mucin glycoprotein MUC5AC 
(outer layer) and MUC6 (inner layer) and other molecules [14]. These 
glycoproteins are responsible for the viscoelasticity of mucus and for its gelation 
at pH lower than 4 [16–19]. 
H. pylori is able to traverse the gelled mucus layer by the same mechanism it uses 
to survive in low pH. When it raises the pH of the surrounding mucus it induces 
a gel-sol transition [19–21], enabling the bacterium to swim in a liquid 
environment. Finally, in order to avoid being flushed out, H. pylori adheres to the 
epithelial cells, where it can find nutrients to start duplication and establish a 
colony. 
1.1.2 Morphology 
Although the majority of the species in the Helicobacter genus possess a helical 
body shape, like the well-known H. pylori, some species such as H. cetorum or H. 
bilis have a fusiform shape while others such as H. mustelae have a rod shape. 
Moreover some of the helical-shaped bacteria have a more tightly coiled body 
than H. pylori, such as H. suis or periplasmic fibers that gives the body a striated 
appearance, such as H. felis.  
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H. pylori possesses gram-negative cell-wall structure, composed of an inner and 
outer membrane that sandwich the peptidoglycan layer, a meshwork of glycan 
strands joined by peptide crosslinks, responsible for maintaining the bacterium 
body structural shape. The helical shape is determined by proteins whose 
function is to alter the peptidoglycan crosslinks [22–24] to generate curvature 
and twist. More specifically, Sycuro et al [22–24] found that elimination of the 
proteins Csd6 or Csd4 generates mutants with rod-shaped body. Much less is 
known about the structural genes of other Helicobacter species, however they 
share the same typical gram-negative cell-wall structure. 
1.1.3 Flagella 
 
Figure 1.2: Structure of bacterium flagellum of gram-negative bacteria. This 
image was released to public domain at https://en.wikipedia.org/wiki/Flagellum. 
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The Helicobacter species swim by rotating helical flagella to generate thrust and in 
most cases, the flagella are enclosed by a sheath and ends with a bulb. The sheath 
is an extension of the cell-body outer membrane believed to protect the flagella 
from the acidic medium of the stomach lumen. H. pylori has 1-6 sheathed flagella 
in one pole with each flagellum being ~3 µm in length and ~30 nm in diameter 
(sheath included) [25, 26]. However different species have different number and 
arrangement of flagella, ranging from single unipolar flagellum to bipolar 
bundles with up to 20 flagella. 
The flagellum structure is universal among gram-negative bacteria (see Figure 
1.2) and consists of three essential parts [25–27]: the propeller (filament), the 
universal joint (hook) and the rotary motor (basal body).  
The propeller is a helical filament composed of 11 protofilaments, which in turn 
are composed of thousands of copies of a protein called flagellin. H. pylori has 
two types of flagellin proteins [25, 26]: FlaB located close to the hook, and the 
predominant FlaA composing the remainder of the filament. Each of the 11 
protofilaments can be right-handed or left-handed (where all subunits have the 
same handedness) and depending on the composition and number of right- and 
left-handed protofilaments different flagellar shapes are achieved [27–30]. 
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The hook [27, 31] is a short curved flexible structure composed of protein FlgE 
that connects the filament to the motor and acts as a universal joint. This 
structure is responsible for transmitting the torque generated by the motor to the 
filament. Its flexibility is believed to be essential for bundle formation in E. coli 
[32]. The hook is a ~50− 100 nm long filament formed by 11 protofilaments, 
each can have short or long repeat distances that correspond to the inside or 
outside of the bend of hook, respectively. When the filament rotates, the inside of 
the bend is continuously occupied by different protofilaments that assume a 
short repeat distance conformation. Hence the repeat distances of the 
protofilaments of the hook vary continuously in order for the hook to be able to 
act as a universal joint [33]. The structure of the flagellar hook varies depending 
on the swimming strategy of each bacterium species. In the case of Campylobacter 
jejuni, on top of allowing conformational changes to maintain a universal joint, 
the hook also has to maintain stability, requiring an unusually strong hook to 
swim without having its flagellum torn off [33]. Such a small component of the 
flagellar system is also responsible for the capability of single flagellated 
unipolar bacteria to flick the flagellum; the mechanism responsible for it is a 
buckling instability of the hook [34]. The flick occurs after the transition from 
swimming backward to forward. When the bacterium swims backward the drag 
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on the head and the thrust on the flagellum are directed away from each other 
creating a tension on the bacterium. On the other hand, when the bacterium 
swims forward the drag on the head and the thrust on the flagellum are directed 
towards each other and thus the cell is under compression; which causes the 
hook to buckle if the viscous loads exceeds a buckling threshold. In order to 
achieve steady forward swimming after a flick, the hook goes through dynamic 
stiffening that is released after a reversal. 
The basal body of bacteria is embedded in the cell envelope and is responsible 
for generating the torque that is transmitted to the propeller but the exact way 
that the motor functions is not yet completely understood. The rotary motor can 
be divided into of 4 major domains [35]: the MS ring, the C-ring, the rod and the 
stator complex. The MS-ring is the basis of the motor, it is connected to the rod 
which in turn is connected to the hook, and is responsible for transmitting the 
rotation. The stator complex remains stationary and its function is to generate 
torque powered by a proton-motive force. E. coli is believed to possess at least 11 
units in the stator, which can engage in rotation at any time generating 11 
distinct rotational speeds [36]. On the other hand, H. pylori is believed to have 18 
stator units [37], which might be necessary for generating a higher torque to 
swim through mucus. The units of the stator complex are arranged in a ring 
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around the rod and are formed by two proteins, MotA and MotB. It is believed 
that MotB anchors the stator units to the peptidoglycan while the MS-ring and 
the rod rotate, and that MotA interacts with the C-ring, which is a switch 
complex composed of four proteins in H. pylori, FliM, FliN, FliY and FliG [35, 38, 
39]. 
1.1.4 Chemotaxis 
Bacteria are capable to sense the environmental conditions in order to swim 
toward beneficial regions or away from harmful ones. This motility-regulated 
response to the surrounding environment is referred to as chemotaxis [26], and is 
controlled by signal-transduction proteins (CheA, CheW, CheY, and CheZ are 
universal among all bacteria) that are bound to chemoreceptors. H. pylori has 
four chemoreceptors, TlpA, TlpB, TlpC and TlpD known to respond to pH, urea, 
bicarbonate and amino acids [40–43], with a predominant response to pH [44]. 
The chemoreceptors are bound to the signal-transduction protein CheW which in 
turn is bound to CheA. When an attractant is not bound (or a repellent is bound) 
to the chemoreceptor, CheA autophosphorylates passing a phosphate to CheY. 
Phosphorylated CheY interacts with the switch complex proteins of the C-ring 
causing the motor to rotate the flagella clockwise thus inducing reversals in H. 
pylori and tumbling in E. coli. CheY returns to its non-phosphorylated state by 
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auto-dephosphorylation as well as by action of phosphatase CheZ. When an 
attractant is bound to the chemoreceptors, CheY is not phosphorylated and does 
not interact with the C-ring, resulting in straight runs with much less reversals. 
H. pylori as well as other Epsilonproteobacteria have another protein that regulates 
the interaction of the chemotactic system with the C-ring, ChePep [45], crucial to 
coordinate swimming direction and flagellar rotation switching. Howitt et al [45] 
showed that H. pylori mutants lacking the ChePep protein swim predominantly 
in reversed state and have an order of magnitude increased reversal events and 
Lertsethtakarn et al [46] showed that ChePep interacts directly to CheY. 
1.2 EFFECTS OF BODY SHAPE ON MOTILITY 
Berg and Turner suggested that a helical body shape would give additional 
propulsion for flagellated-bacteria moving in viscous environments [47]. This is 
particularly relevant to Helicobacter pylori. Previous studies have also suggested 
that the reason H. pylori is able to swim through the viscoelastic gastric mucus 
gel is the helical shape of the body, which would allow it to bore its way like a 
corkscrew [48, 49]. This commonly held view was questioned by a previous 
study, which show that H. pylori can rotate its flagella but does not swim in 
mucin gels buffered at acidic pH of 2-4 comparable to the stomach [21] as well as 
	 
12	
in gelatin gels at neutral pH [50]. In the case of mucus, gelation is related to a 
liquid to gel transition of the glycoprotein mucin at pH 4 and below [19, 20]. Celli 
et al showed that H. pylori uses urease mediated hydrolysis of urea to neutralize 
the pH of the mucin [21] enabling the non-acidophilic bacterium to not only 
survive in acidic conditions, but also triggering a pH dependent gel to liquid 
transition of mucin [17, 21, 51] enabling the bacterium to swim in a liquid 
environment. However the details of how the cell-body of swimming flagellated-
bacteria can contribute directly towards propulsion remains to be answered. In 
an effort to answer that question, a couple other studies have compared mean 
swimming speeds of a population of helical bacteria to other species with rod-
shaped bodies, concluding that helical shape increased the speeds in a factor of 2-
3 [52, 53]. However, since the comparison was made between different species 
with different average number of flagella and body size, the effect of body shape 
was not directly measured. More recently, work from Prof. Bansil’s group [4, 50] 
showed that there is only a ~10% enhancement in swimming speeds of a 
population of H. pylori when compared to a population of its isogenic rod-
mutant (Δcsd6), in broth, methylcellulose and mucin solutions, opposed to the 2-
3 factor increase reported previously. Moreover they concluded that variations in 
swimming speeds are dominated by number of flagella, making it difficult to 
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elucidate the effect of body shape by comparing average speeds of a population 
of helical and rod-shaped bacteria. It is important to note that the thrust that a 
rotating helical-body produces does not only depend on shape parameters, but 
also on its rotation rate. However none of the studies mentioned here have 
measured the counter-rotational motion of the body of swimming bacteria. Liu et 
al [54] have recently shown that the counter-rotation of Caulobacter crescentus’ 
cell-body may contribute to swimming propulsion, but it is unclear how large 
this effect may be in general. 
1.3 EFFECTS OF ARRANGEMENT OF FLAGELLA ON MOTILITY 
 
Figure 1.3: Flagellated bacteria swimming strategies. (A) Run-and-tumble. (B) 
Run-and-reverse. (C) Run-reverse-flick. 
The most commonly known swimming strategy (Figure 1.3 A) is run-and–tumble 
[55, 56], as shown in E. coli, a peritrichous bacterium with a ~2 µm rod-shaped 
A B C
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body. When it swims forward, each flagellum rotates counter-clockwise, forming 
a coherent bundle at one pole of the body. If one or more flagellum rotates 
clockwise, the tuft unbundles, the bacterium stops translating temporarily and 
tumbles due to rotational diffusion [57]. When the flagella resume counter-
clockwise rotation, the bacterium swims in a new random direction with a 
preferred turning angle of ~70° . Unipolar lophotrichous bacteria (multiple 
flagella arranged at one end of the body), like the human stomach pathogen 
Helicobacter pylori [4, 45, 50] or the soil bacteria Pseudomonas putida [58–60] adopt 
a different swimming strategy, known as run-and-reverse (Figure 1.3 B). They can 
either swim as a pusher, with the bundle extended behind the body, or as a 
puller, when the bundle rotates the opposite way and is extended in front of the 
body. After a perfect reversal, the bacterium changes direction of swim by 180°, 
but it is able to explore other directions with deviations of this angle or by 
rotational diffusion during a run. Unipolar monotrichous bacteria (single 
flagellum at one end of the body), like Pseudoalteromonas haloplanktis can also 
adopt a run-and-reverse strategy and others such as Vibrio alginolyticus can adopt 
run-reverse-flick strategy (Figure 1.3 C) [61, 62]. In run-reverse-flick, the 
bacterium performs a forward run as a pusher, reverses direction swimming as a 
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puller and when it switches back to swim forward, the flagellum flicks to select a 
new direction.  
Many flagellated bacteria are bipolar: amphitrichous bacteria such as the dolphin 
stomach pathogen Helicobacter cetorum, the human pathogen Campylobacter jejuni, 
and the fresh water magnetotactic bacteria Magnetospirillum magneticum all have 
a single flagella at each end of the body, while Helicobacter suis and Pseudomonas 
putida have multiple flagella at each pole. However very little is known about the 
swimming strategies of bipolar bacteria. 
The first published study is from Murat et al [63] in 2015 who examined how 
bipolar flagellated bacteria swim by labeling the flagella of the amphitrichous 
bacteria M. magneticum and imaging it under an externally applied magnetic 
field. This bacterium contains a chain of magnetic particles on the surface of its 
helical body, which confers a magnetic moment to the cell, hence it orients itself 
in the presence of an external magnetic field. Due to the fast rotating flagella 
compared to the exposure time of the camera (80 to 100 ms), they were not able 
to capture the flagella while in motion, however they observed two different 
patterns of fluorescence likely corresponding to flagella rotating in opposite 
directions. One pattern was named tuft and corresponds to a flagellum extended 
away from the body, as commonly seen in unipolar bacteria. The other observed 
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pattern was named parachute and likely corresponds to a flagellum flipped back 
and rotating around the cell-body; to best of my knowledge, this was the first 
time that a flagellum was observed in this position. They identified three motility 
behaviors for M. magneticum: runs, pauses and reversals. About 74% of the 
analyzed trajectories consisted of runs, 7% had at least one reversal (where tracks 
with reversals and pauses were classified as reversal) and about 19% had at least 
one pause (but some tracks had as many as 5 pauses). During runs, the leading 
flagellum shows a parachute configuration and the lagging flagellum shows a 
tuft configuration. When the bacterium reverses direction, the two flagella are 
simultaneously inverted: the parachute becomes a tuft and the tuft becomes a 
parachute. They also found instances where the bacterium would tumble in place 
with both flagella showing a parachute pattern or both showing a tuft pattern, 
likely corresponding to the pauses during swimming. The results of Murat et al 
question the commonly held belief that flagella always rotate extended away 
from the cell, as has been seen in unipolar bacteria. It is usually assumed that 
bipolar bacteria would either have to coordinate extended flagella at both poles 
to rotate in opposite directions; or that it would swim as a unipolar bacterium, 
with only one flagellum active at a time. 
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A recent study on bacterium Shewanella putrefaciens, a marine and sandstone 
organism [64], showed that the ability of bacteria to flip its flagellum back is not a 
unique characteristic of bipolar bacteria. S. putrefaciens has a primary single polar 
flagellum and additional lateral flagella responsible for cell realignment. Kuhn et 
al used mutants lacking the lateral flagella and labeled the flagellin to study its 
strategy to escape confined environments. While free-swimming cells displayed 
a run-reverse-flick strategy, trapped bacteria alternated direction of flagellum 
rotation but in cases where this effort did not suffice to free the cell they 
observed the flagellum flipping back to wrap around the body. Interestingly in 
this case the waveform of the flagellum did not change in relation to the 
substratum, but the body translated backwards rotating in a screw-like form. By 
immersing free-swimmers in an environment with increased viscosity (instead of 
confining them to small regions) they observed the same flagella wrapping but 
this time the flagellum rotated around the body with no effective body 
translation. Moreover the fraction of bacteria displaying a wrapped flagellum 
increased with viscosity. 
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1.4 EFFECTS OF EXTERNAL pH ON MOTILITY 
As mentioned previously, Helicobacters are able to get across a pH gradient 
gastric mucus layer ranging from pH 2-7 in order to establish a colony close to 
the epithelial cells, and in the presence of urea H. pylori is able to raise the pH of 
the medium hence inducing a sol-gel transition in PGM [21]. Previous studies 
have shown that when PGM is gelled in the absence of urea (at pH lower than 4) 
H. pylori gets stuck even though it still rotates flagella [21], and that when the pH 
is increased to 6 or 7 (by addition of buffer or by the bacterium when urea is 
present) the bacterium is able to translate [4, 21]. However whether the motion is 
hindered due to the motors being poisoned at low pH or by the viscoelasticity of 
PGM is still unknown. 
It has been previously shown that when the pH of the medium is decreased the 
motility of E. coli and Salmonella is little affected, while the speeds sharply 
decrease when a weak acid is present [65–69] and motion is completely hindered 
at extracellular below pH 5.5. Weak acids are able to permeate biological 
membranes in their neutral form and than dissociate in the cytoplasm, thus 
changing the intracellular pH. By varying the external pH in the presence of a 
weak acid causes the internal pH to change, however in the absence of the weak 
acid it remains relatively constant. Hence these studies reveal that the motility of 
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bacteria is not significantly affected by external pH, but rather by variations in 
internal pH. 
1.5 SCOPE AND ORGANIZATION OF THE THESIS 
In this work, first I focus on quantifying the effect that body shape has on 
motility of helical shaped bacterium Helicobacter pylori and its isogenic rod-
shaped mutant by doing single-cell analysis using time-resolved phase-contrast 
microscopy. Second, I characterize the swimming strategy of the bipolar bacteria 
Helicobacter suis using the same method as well as tracking large numbers of 
bacteria. Finally I investigate the effects of external pH in the motility of H. suis. 
In the following chapter (CHAPTER 2) I give a brief background on the physics 
of locomotion of flagellated microswimmers and how to model their motion 
using the method of regularized Stokeslets. In CHAPTER 3 the experimental 
methods and analysis used in the investigations reported here are presented. The 
results of the investigation of the effects of shape on the motility on H. pylori are 
given in detail in CHAPTER 4, followed by the results of the investigation of the 
effects of arrangement of flagella in the motility of Helicobacter species in 
CHAPTER 5 and results on the effects of pH on motility of H. suis in CHAPTER 
6. Finally, the overall conclusion of this dissertation is presented in CHAPTER 7. 
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CHAPTER 2: THEORY BACKGROUND 
2.1 LOW REYNOLDS NUMBER SWIMMERS 
Swimming might seem to be a very simple concept. It is an activity that most of 
us have experienced or seen and gives us the idea of being very simple and 
uncomplicated. But if you enter the world of a bacterium the entire concept of 
swimming changes. In order to be able to relate to the difficulty of swimming as 
a microswimmer, we would have to swim submerged in a pool of molasses. The 
differences between those two worlds can be explained and classified by the 
Reynolds number. 
2.1.1 Reynolds number 
The Reynolds number is dimensionless quantity defined as the ratio between the 
inertial and viscous forces of a fluid. A comprehensive derivation of the 
Reynolds number can be obtained by taking an object of area 𝐴 moving in one 
direction at constant speed 𝑣 in a Newtonian fluid of viscosity 𝜂 and density 𝜌 
[70]. The force necessary to keep the object moving at constant speed is given by 𝐹 = 𝜂 𝐴 !"!". This is the viscous force postulated by Newton, where the viscosity is 
the resistance of a fluid to flow and the spatial derivative of the speed reflects the 
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strength of drag in different layers of the fluid; layers that are farther away from 
the motion will flow less than the ones that are close. If there is a change in the 
motion of the object, the fluid will try to maintain the motion. That is described 
by the inertial force, given by 𝐹 = 𝑚!"!". If 𝑙 is the characteristic length of the 
object, the viscous force scales as 𝒪(𝜂𝑙𝑣), the inertial force scales as 𝒪(𝜌𝑙!𝑣!) and 
the Reynolds number (Re) is given by: 
Re = !!!!!!"# = !"#! . 
The Reynolds number can also be derived by means of the Navier-Stokes 
equations [70, 71]. The Navier-Stokes equations describe the motion of viscous 
fluids and for Newtonian incompressible fluids it is given by 
𝜌 !𝒗!" + 𝜌 𝒗 ⋅ 𝛁 𝒗 = −𝛁𝑝 + 𝜂∇!𝒗+ 𝑭, 𝛁 ⋅ 𝒗 = 0, 
where 𝒗 the velocity field, 𝑝 is the pressure and 𝑭 is an external applied force. 
The two terms on the left side of the first equation are the inertial terms, 
representing the acceleration of the fluid. The first is simply the temporal 
variation of the velocity field. The second, 𝜌 𝒗 ⋅ 𝛁 𝒗 is the convection term or the 
moving derivative of the fluid. It represents the tendency of a moving fluid 
current to transport the layers of fluid around it. The first term on the left is the 
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pressure gradient; this can be thought as how particles move with respect to 
pressure; they will tend to move away from an increased pressure region and 
towards a decreased pressure region. The second term on the left is the diffusion 
term, or the viscous drag term. It can be interpreted as the ‘spreading out’ of the 
fluid regardless of the fluid motion. If a small volume of dye is inserted in water, 
it will tend to spread out due to Brownian motion. The second equation simply 
states that the fluid is incompressible. 
The Reynolds number is the ratio of the inertial term 𝜌 𝒗 ⋅ 𝛁 𝒗 and the viscous 
drag term 𝜂∇!𝒗 . The first scales as 𝒪(𝜌𝑣! 𝑙)  and the second as 𝒪(𝜂𝑣 𝑙!) , 
providing the Reynolds number obtained before: Re = !!! !!" !! = !"#! . 
When we swim in a pool of water (𝜌~10! kg m-3, 𝑙~1 m, 𝑣~1 m s-1, 𝜂~10!! Pa s), 
Re~10! ≫ 1 which means that we rely on the inertial forces to move. If we were 
to swim in molasses with a decreased speed (𝜌~10! kg m-3, 𝑙~1 m, 𝑣~10!! m s-1, 𝜂~10! Pa s) we would enter the low Re regime, Re~10!! ≪ 1, but not as small as 
that of bacteria. When a bacterium swims in water (𝜌~10! kg m-3, 𝑙~10!! m, 𝑣~10!!  m s-1, 𝜂~10!!  Pa s), Re~10!! ≪ 1 ; when Re ≪ 1  the viscous forces 
dominate and the fluid responds passively to external forces. In this regime, with 
elimination of inertia comes a surprising and interesting result: any resultant 
force acting on an object will lead to an infinite acceleration. That means that the 
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total net torque and force acting on an object will be zero at all times and as soon 
as the force that was propelling an object ceases, the object immediately comes to 
a stop. 
2.1.2 Swimming at low Reynolds number 
When Re ≪ 1, the Navier-Stokes equations get reduced to the Stokes equations: −𝛁𝑝 + 𝜂∇!𝒗+ 𝑭 = 0, 𝛁 ⋅ 𝒗 = 0. 
First thing to note in the Stokes equations is that they are linear and time-
independent. That leads to kinematic reversibility: 1) Stokes flow has no 
memory, so the flow can be found with knowledge of the boundary conditions 
only (if those are time independent). What happened in the past is irrelevant for 
the flow; 2) The Stokes flow is time-reversible, so reversing time will solve the 
same set of equations. That implies that if an object is swimming with velocity 𝑽 
and instantaneously reverses to swim with velocity –𝑽, the streamlines of flow 
will remain the same, only the direction that they occur will reverse. 
Those properties help understand the requirements for low Re swimmers 
locomotion. A self-propelled swimmer has to deform its body to translate. If the 
sequence of body deformations is time-reversible, the net translation of a low Re 
swimmer will be zero and that does not depend on the body transformation rate. 
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Due to the linearity and time-independence of the Stokes equations the distance 
travelled by the swimmer does not depend on the rate with which the body was 
deformed. This is the Scallop theorem formulated by Purcell [72]: “If Re ≪ 1: 
Time doesn’t matter. The pattern of motion is the same, whether slow or fast, whether 
forward or backward in time.” A scallop opens its shell slowly and closes its shell 
fast. At Re ≫ 1 the fast closing pushes water out fast and propels the scallop, 
while the slow opening results in a very small displacement in the opposite 
direction. At Re ≪ 1, the scallop does not go anywhere.  
Therefore, in order to swim at low Re, the object has to break the time symmetry 
by deforming its body in a time-irreversible sequence. However that is not the 
only condition for successful propulsion; the swimmer also has to break 
spherical symmetry when deforming the body. Regardless of the Re regime, 
propulsion requires anisotropic resistance to the motion. This will be further 
elaborated next. 
Flagellated bacteria such as H. pylori or E. coli are able to propel themselves by 
rotating a helical flagella bundle. In order to understand how they are able to 
swim, take a simplified model of these swimmers, as shown in Figure 2.1, where 
the helical flagellum or flagella bundle is represented by a slender left-handed 
helix. When the left-handed flagellum rotates counter-clockwise (looking from 
	 
25	
left) the bacterium is propelled to the right and because the sum of internal 
torques has to be zero the body rotates in the opposite direction. 
 
Figure 2.1: (Left) Flagellated bacterium with a left-handed helical flagellum. 
Green arrow points in the direction of propulsion and red arrows point in the 
direction of rotation of flagellum and body. (Right) Small section of the flagellum 
blown up. 
Take a short segment of the filament, showed in the right side of Figure 2.1, 
moving with velocity 𝒗 at an angle θ. The local viscous drag force per unit 
length, 𝒇, opposes the movement and is given by: 𝒇 = 𝒇∥ + 𝒇! = 𝜉∥𝒗∥ + 𝜉!𝒗!, 
where 𝑣∥ = 𝑣 cos θ and 𝑣! = 𝑣 sin θ are the parallel and perpendicular velocity 
components of the filament with respect to the filament; 𝜉∥ and 𝜉! are the drag 
coefficients. The propulsive force arises from the drag-anisotropy of slender 
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filaments, 𝜉! > 𝜉∥: the viscous drag force per unit length does not have the same 
direction of the velocity of the filament, giving rise to a component that is 
perpendicular to the velocity: 𝒇prop = −(𝜉! − 𝜉∥) 𝑣 sin θ cos θ𝒙. 
Note that this is true for every segment of the filament. Take the filament in the 
back plane, represented in black, θ → 𝜋 − θ and 𝒗 → −𝒗, which result in the exact 
same equation for the propulsive force. Hence this periodic motion of the 
filament results in net propulsion. 
To summarize, these low Re swimmers are able to self-propel due to two 
properties: drag anisotropy and periodic time-irreversible actuation of the 
filament. 
2.2 MOTION AT LOW REYNOLDS NUMBER  
As stated in the previous section, the motion of a Newtonian fluid at low Re is 
described by the Stokes equations. Because the Stokes equations are linear, the 
force 𝑭 and torque 𝑻 are linearly related to the speed 𝑽 and rotation 𝛀: 𝑭𝑻 = 𝑨 𝑩𝑩! 𝑪 ⋅ 𝑽𝛀 . 
The 4X4 matrix in this equation is called resistance matrix and its coefficients 
depend on the body geometry and orientation. For a solid sphere with radius 𝑅, 
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the translational and rotational drag are isotropic due to its body symmetry, 𝑨 = 6𝜋𝜂𝑅𝟏 and 𝑪 = 8𝜋𝜂𝑅!𝟏. Note that this leads to the commonly known Stokes 
law: 𝑭drag = 6𝜋𝜂𝑅𝑽. For spherical objects, 𝑩 = 𝟎, which means that drag force 
will not generate rotational motion, and torque will not generate translational 
motion. These off-diagonal terms are non-zero for chiral objects, which gives the 
possibility to generate translational motion through torque and vice-versa. This 
is the case of a rotating flagellum discussed in the previous section.  
The coefficients of the resistance matrix are also important to calculate the 
translational (𝑫) and rotational diffusion (𝑫!) constants of objects, by the Stokes-
Einstein equation:  𝑫 = 𝑘!𝑇 𝑨!!, 𝑫! = 𝑘!𝑇 𝑪!!, 
where 𝑘! is the Boltzmann constant and 𝑇 is the fluid temperature. Hence, the 
translational and rotational diffusion constant of a sphere are given by: 
𝐷sphere = !!! !!"# , 𝐷!sphere = !!!!!"!! . 
To obtain the coefficients of the resistance matrix, one has to solve the Stokes 
equations, a non-trivial task for non-spherical bodies.  
	 
28	
Due to the linearity of the Stokes equation, a solution can be found by the 
method of Green’s functions by substituting the forcing term by 𝑭𝛿 𝐫− 𝐫′ , 
which represents a point force acting on 𝒓′. The solution with 𝒗  and 𝑝 vanishing 
at infinity is given by: 𝒗 𝒓 = 𝐆 𝐫− 𝐫! ∙ 𝑭, 𝑝 𝐫 = 𝐇 𝐫− 𝐫! ∙ 𝑭, 
where 𝐆 𝐫 = !!!" 𝟏𝐫 + 𝐫𝐫𝐫 !  is known as Stokeslet and 𝐇 𝐫 = 𝐫!! 𝐫 ! . This is the 
solution for a point force. For a continuous force distribution the velocity field 
and pressure are obtained by superposition: 
𝒗 𝐫 = 𝐆 𝐫− 𝐫! ∙ 𝐟(𝐫′)dr′ , 𝑝 𝐫 = 𝐇 𝐫− 𝐫! ∙ 𝐟(𝐫′)dr′. 
In the case of flagellated bacteria this superposition is not trivial. A few 
numerical approximations such as Resistive Force Theory [73] have been 
developed to find these solutions. Currently, the most accurate method is the 
method of regularized Stokeslets (RSM), which I describe briefly in the next 
section. 
2.2.1 Method of regularized Stokeslets 
The RSM is an expensive computational numerical method based on smoothing 
the forces [74, 75]. In this method, the surface of the object is discretized and the 
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force term in the Stokes equation is replaced by a function spread over a small 
ball centered at the discretized point position 𝐫!: 𝐅 𝐫 = 𝐟!𝜙! 𝐫− 𝐫! , 
where 𝜙! 𝐫 , called cutoff function, is a radially symmetric smooth function with 
the property that 𝜙! 𝐫 d𝐫 = 1 . 𝐟!  is the vector of localized force at each 
discretized point. The parameter ϵ controls the width of spreading and in the 
limit ϵ → 0 the cutoff function approaches a Dirac delta. 
The solution of the regularized Stokes equation for the velocity and pressure for 
each discretized point are: 
𝒗! 𝐫 = 18𝜋𝜂 𝑺 𝐫− 𝐫! ⋅ 𝐟!,  
𝑝! 𝐫 = 18𝜋𝑷 𝐫− 𝐫! ⋅ 𝐟!, 
where 𝑺 𝐫− 𝐫!  is named regularized Stokeslet. Both 𝑺 𝐫− 𝐫!  and 𝑷 𝐫− 𝐫!  
depend on the chosen cutoff function. If there are N discretized points, where 𝐫! 
is the position of the 𝑛th point, the total flow speed and total pressure at point 𝐫 
are given by 
𝒗 𝐫 = 18𝜋𝜂 𝑺 𝐫− 𝐫! ⋅ 𝐟!!!!! ,  
𝑝 𝐫 = 18𝜋 𝑷 𝐫− 𝐫! ⋅ 𝐟!!!!! . 
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For the specific cutoff function 𝜙! 𝐫 = 15ϵ! 8𝜋 r! + ϵ! !!: 
𝑺!" 𝐫− 𝐫! = 𝛿!" !!!!!!!!!!! !/! + (!!!!!,!)(!!!!!,!)!!!!! !/! , 
𝑷! 𝐫− 𝐫! = (r! − r!,!) !!!!!!!!!!!! !/! . 
To solve for 𝒗 𝐫  or 𝑝 𝐫 , one has to know 𝐟!. For a self-propelled swimmer (free 
body swimmer), the forces 𝐟! can be found by applying zero total force and 
torque condition. 
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CHAPTER 3: EXPERIMENTAL METHODS AND ANALYSIS 
The experimental methods and analysis used in this dissertation require several 
steps, which I have separated in three different groups: preparation (Section 3.1), 
data acquisition (Section 3.2) and data analysis (Section 3.3). The methods used in 
each part depend on the object of investigation. For experiments involving 
Porcine Gastric Mucin (PGM) the preparation method is described in Section 
3.1.1; for experiments involving bacteria I have to grow and maintain the 
bacterial culture, described in Section 3.1.2. Section 3.1.3 describes how the 
samples are prepared for imaging motility experiments and microrheology 
experiments. The data acquisition part consists of recording movies of the 
prepared samples using a scientific grade camera and an optical microscope. To 
image unstained bacterial samples, which are invisible under bright field 
microscopy, I used phase contrast microscopy (Section 3.2.1) and in the 
microrheology experiments I used fluorescence microscopy (Section 3.2.2) to 
image fluorescent beads. The data analysis section was divided according to 
investigation: Section 3.3.1 describes the single-cell kinematics analysis; Section 
3.3.2 depicts population motility kinematics; Section 3.3.3 describes 
microrheology of PGM. 
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3.1 PREPARATION 
3.1.1 Porcine Gastric Mucin 
Dr. Bradley Turner provided the purified PGM in lyophilized form: PGM was 
isolated from mucosal scrapings of pig stomach epithelium and purified by 
Sepharose CL-2B column chromatography followed by CSCl density gradient 
ultracentrifugation [21]. 
Lyophilized PGM was weighed, and the appropriate amount of PGM was 
dissolved in sterile water to prepare a final solution at 15 mg/ml after addition of 
10% bacterial or bead sample and 10% buffer. Typically, 40 µl of sterile water 
was added to 0.75mg of PGM and mixed using Vortex for 10 to 20 minutes, until 
there were no visible un-hydrated PGM (white spots). This solution was allowed 
to hydrate and equilibrate for 48 hours at 4°C and was used for a maximum 
period of one week. When ready to use, 5 µl of 0.1 M phosphate-succinate buffer 
(at various pHs, depending on experiment) was added and thoroughly mixed 
with a positive displacement pipette. The buffered PGM solution was incubated 
at 37oC for at least 40 minutes before 5 µl of bacterial or beads sample could be 
added. 
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3.1.2 Helicobacter Species Growth and Maintenance 
Growth and maintenance of the Helicobacter species is not a trivial task. Adapted 
to inhabit the gastric mucosa, these microorganisms require a very specific set of 
conditions to grow and survive, with an unforgiving response to variations. 
Different Helicobacter species may require slightly different growth conditions. 
The growth procedure of H. pylori and H. cetorum is very similar and require the 
same growth conditions, detailed in Sections 3.1.2.1 and 3.1.2.2 respectively. It 
consists of growing frozen aliquots (stored at -80oC) on blood agar plates after 
which they are passaged with an inoculating loop into growth broth media. H. 
suis requires slightly different conditions (Section 3.1.2.3) and it is a little more 
unforgiving than the other two species. In contrast to H. pylori and H. cetorum, H. 
suis grows in biphasic plates adjusted to pH 5 (growth in agar plates with 
passage to liquid is also possible, but was not used here). 
The initial growth phase of bacteria in nutritious liquid media is called lag phase. 
In this phase the growth rate is practically zero; bacteria are adapting to the new 
culture conditions and getting prepared for growth. The second phase of growth 
is called exponential phase. In this phase bacteria grow exponentially: if C! is the 
concentration at time 𝑡! and 𝑟 is the growth rate, at time 𝑡 the concentration C(𝑡) 
will be 𝐶 𝑡 = C!2!(!!!!). When the nutrients start to get depleted the bacteria 
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culture enters the stationary phase, where the growth rate is constant because 
growth is balanced by dying cells. The final phase is the death phase, where there 
is a net loss of viable cells which decrease exponentially with time.  
Motility experiments are usually performed with cells in the exponential growth 
phase, when they are most motile. Once the growth curve of the bacteria strain is 
known, the growth phase can be monitored by measuring the absorbance with a 
spectrophotometer. The growth curve of H. pylori is well known [76] but since H. 
cetorum and H. suis have only been isolated recently and are significantly less 
studied than H. pylori, their phase of growth was monitored by eye. For all the 
experiments H. pylori was used when the optical density at 600 nm was OD!"" = 0.4− 0.7, H. cetorum was visually more motile at OD!"" > 2, and due to 
the small volumes of liquid provided by the biphasic plate growth of H. suis, the OD of this bacterium was not monitored. 
3.1.2.1 Helicobacter pylori 
All H. pylori experiments in this dissertation were performed on the LSH100 
strain, a derivative of the human clinical isolate G27 [39, 77] and its isogenic 
mutant with a straight rod shape, LSH100 Δcsd6 [4, 24]; both parent cultures 
were provided by Nina Salama from Fred Hutchinson Cancer Research Center. 
The culture procedure was identical to that used by Martinez et al [4].  
	 
35	
Frozen aliquots of bacteria were grown on Brucella agar plates with 5% horse 
blood (BD BBL™, 221547) or on homemade agar plates with 10% sheep blood 
(recipe in Appendix A.1) for 2 days, after which, they were restreaked onto new 
plates warmed to room temperature to avoid bacterial temperature shock. After 
2 days the grown cells were transferred into Brucella culture broth warmed to 
room temperature (BB10, recipe in Appendix A.2) and left to grow overnight 
under constant agitation. Both cultures in agar plate and BB10 were kept in an 
incubator at 37°C under microaerophilic conditions using GasPak™ EZ Campy 
Container System Sachets (6 to 16% oxygen and 2 to 10% carbon dioxide; BD 
BBL™, 260680). Other growth methods can be found in [78]. 
3.1.2.2 Helicobacter cetorum 
All H. cetorum experiments in this dissertation were performed on strain ATCC 
BAA-540 provided and cultured in James G. Fox lab at MIT by Zeli Shen. Frozen 
aliquots were grown on 5% sheep blood agar plates (Remel™, R111007) and 
incubated for 2 days under microaerobic conditions at 37°C in a vented jar 
containing 80% N!, 10% H! and 10% CO!. After which, they were restreaked onto 
new plates. After 2-3 days of incubation, H. cetorum was collected from the plates 
with cotton swabs and suspended into tissue culture flasks containing BB10. The 
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flasks were incubated at 37°C under microaerobic condition and constant 
agitation for 2 days, before use. 
3.1.2.3 Helicobacter suis 
All H. suis experiments in this dissertation were performed on the HS5 strain 
isolated from the gastric mucosa of a sow; the starting frozen stock of bacteria 
were provided by Freddy Haesebrouck from Ghent University. 
One frozen vial (approx. 2mL) was thawed and contents divided into two 
homemade Brucella agar plates adjusted to pH 5 (recipe in Appendix A.3). If 
liquid contents in each plate were under 1 ml, BB10pH5 (recipe in Appendix A.4) 
was added to reach a total liquid volume of approximately 1 ml. Plates were 
incubated for 2-3 days, after which, the liquid contents were divided between 
two new plates (warmed to room temperature to avoid bacterial temperature 
shock) with addition of 1.5 to 2ml fresh BB10pH5 at room temperature. The 
cultures were incubated under constant agitation at 37°C and microaerophilic 
conditions in a vented jar containing 80% N! , 10% H!  and 10% CO! . It is 
important to note that H. suis did not grow consistently when using the 
GasPak™ system. For that reason they were grown by Zeli Shen in James G. Fox 
lab at MIT, where the microaerophilic conditions described above were created 
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by evacuating 80% of the normal atmosphere and introducing a gas mixture of 
80% N!, 10% H! and 10% CO!. 
3.1.3 Sample Preparation For Imaging 
The samples used in this work consisted of bacterial or bead solutions added to 
PGM or BB10 at various pHs and their preparation followed the same procedure. 
An amount corresponding to 10% (by volume of final solution) of 0.1 M 
phosphate-succinate buffer at various pHs (pH=2,3,4,5,6,7) was mixed to BB10 or 
PGM and let equilibrate in 37°C incubator for 40 minutes, after which an amount 
corresponding to 10% (by volume of final solution) of bacterial solution or bead 
solution was mixed to the buffered BB10 or PGM and let equilibrate in 37°C 
incubator for at least 40 minutes. 
When ready to use, a 10 µl volume of homogenized solution was pipetted into a 
standard microscope slide with a 9-mm-diameter, 120-mm thick spacer (Secure-
Seal™ imaging spacers, Grace Bio-labs, 65408) and sealed with a coverslip. The 
slides were used immediately after preparation. 
3.2 DATA ACQUISITION 
All the experiments were imaged using an Olympus IX70 inverted microscope 
and Zyla 5.5 sCMOS Andor camera (6.5 µm per pixel, maximum frame rate at 
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full field of view is 100 fps) or QImaging Rolera CMOS camera (3.63 µm per 
pixel). The latter was used in the first experiments on H. pylori swimming in 
broth and PGM, before the faster frame rate camera was purchased. Phase 
contrast microscopy (Section 3.2.1) was used with bacterial samples and 
experiments with fluorescent beads were imaged using fluorescence microscopy 
(Section 3.3.2). These two sections were adapted from the book Fundamentals of 
Light Microscopy and Electronic Imaging [79]. The images were focused on the 
center of the slide, to avoid the effects of surfaces on the swimming of bacteria 
[80] or on Brownian motion of particles [81]. 
3.2.1 Phase contrast microscopy 
Unstained objects such as bacteria are practically invisible under the usual 
bright-field microscopy because their transparency does not generate enough 
intensity contrast in the images. Although scattered and diffracted light acquire a 
phase-shift (due to having a different refraction index than the surroundings), 
phase differences are not detectable by eye. The eye perceives changes in 
intensity; hence it depends on the amplitudes of the light waves. 
The advantage of using this method over fluorescence microscopy is that the 
bacteria are imaged without going through the process of staining. Moreover, the 
body and flagella of Helicobacters are coated by the same cell membrane so when 
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they are stained the body fluorescence overshadows the flagella bundle 
fluorescence emission, impeding flagella visualization. Thick bundles of flagella, 
such as in H. suis are visible under phase contrast imaging. 
 
Figure 3.1: Phase contrast microscopy optics. Image adapted from 
https://commons.wikimedia.org/wiki/File:Working_principle_of_phase_contrast
_microscopy.gif. 
Phase contrast microscopy is an optical method that transforms differences in 
phase into variations in intensity, generating high-contrast images. There are 
other optical methods to image unstained transparent objects, such as differential 
interface contrast imaging (DIC) and dark-field microscopy but in this 
dissertation I focus on phase contrast microscopy since it was the one utilized to 
image bacteria. 
The light that comes from an object in the sample can be thought as having two 
different components, one that did not interact with the sample referred to as 
Background light 
Diffracted light
Incident light Condenser annulus
Condenser
Sample
Objective
Phase plate shift ring
Phase plate gray filter
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background light and the diffracted light, that interacted with the sample and 
gains a phase 𝛿 = 2𝜋 𝑛! − 𝑛! 𝑑/𝜆 ≈ 𝜋/2 , where 𝑛!  and 𝑛!  are the refractive 
indices of the surrounding medium and the object, 𝑑 is the thickness of the 
sample and 𝜆 is the wavelength of the incident light. The two components are 
collected by the objective lens that focuses the light into the image plane where 
they undergo interference (see Figure 3.1). Only when the amplitude of the 
interfered light is significantly different than the amplitude of the background 
light the object can be visualized. 
In a phase microscope, the incident light first passes through the condenser 
annulus, responsible for generating a hollow cone of light that will focus on the 
sample. The background light will continue to travel as an inverted hollow cone 
of light, and will focus as a bright ring on the back of the aperture plane of the 
objective, where the phase plate is located. The diffracted light, on the other hand 
focuses on the same plane as a non-hollow circle. This way the background light 
and diffracted light are separated spatially and their phase can be manipulated 
separately. In positive phase contrast, the phase of the background light is 
advanced by 𝜆/4 with respect to the diffracted light by the phase plate. The positive 
phase plate normally consists of a glass plate with a ring of reduced thickness at 
the position where the background light is focused. This ring also has a coat of 
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absorbing material (gray filter ring) responsible to decrease the light intensity by 
70-80%. Since the diffracted wave is typically retarded by 𝜆/4, the net phase 
between the diffracted and background wave is ≈ 180° , which leads to 
destructive interference for objects with higher refractive index than the 
surrounding medium. In this case, the object appears as a dark object on a gray 
background. Figure 3.2 shows an image of H. pylori taken with positive phase 
contrast microscopy with 100X magnification. Note that the flagellar bundle can 
be spotted on the left pole of the bacterium. 
 
Figure 3.2: Positive phase contrast image of H. pylori LSH100 wild-type in BB10 
taken with 100X magnification. 
3.2.2 Fluorescence microscopy 
Instead of relying on capturing changes in light intensity due to changes in 
amplitude or phase, fluorescence microscopy relies on detecting the emitted light 
of fluorescent molecules in the presence of excitation light. 
When a fluorescent molecule absorbs light at a specific wavelength, it gets 
excited into a higher energy state and when it decays back into the ground state, 
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it emits light. Energy is lost through heat during this process so the emitted light 
has a smaller energy than the excitation light; hence it has a larger wavelength. 
Normally the imaged samples do not auto-fluoresce, so to be imaged with a 
fluorescence microscope they have to be stained with dyes normally referred to 
as fluorochromes or fluorescent dyes. Those dyes are composed of a binding 
molecule or molecules and a fluorescent molecule, called fluorophore. There are 
several fluorescent dyes available today which can bind to specific targeted 
molecules and with different excitation and emission bands.  
In fluorescence microscopy, a specific wavelength of the incoming light is 
selected by a filter to excite the sample, and the light collected by the objective is 
filtered to contain solely the light emitted by the object. This way only the object 
of interest is imaged, and different dyes and filters can be applied to image 
different structures or organelles in a sample. 
In this work, I used fluorescence microscopy to image fluorescent beads in 
various solutions. Figure 3.3 shows an image of 1µm diameter beads in water 
taken with fluorescence microscope at 40X magnification. Because only the 
emitted light from the beads pass through the filter (with a very small bleeding 
from the incident light), the beads appear as bright spherical objects on a dark 
background, generating images with a much higher contrast than when using 
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phase-contrast image. Hence the tracking algorithms will track the beads with a 
much higher precision than when using phase contrast microscopy. 
 
Figure 3.3: Fluorescence image at 40X of 1 µm diameter fluorescent beads. 
3.3  DATA ANALYSIS 
Once the movies have been recorded, the position of individual bacteria or bead 
is obtained by tracking. The tracking methods, other measurements and 
subsequent analysis are detailed in the next subsections, separated by study. 
	 
44	
3.3.1 Single-cell Kinematics1 
All the experiments that used single-cell kinematics analysis were recorded with 
fast frame rate and high magnification, unless otherwise noted. That was 
achieved with a 100X oil-immersion phase contrast lens (NA 1.25) and Zyla 5.5 
sCMOS Andor camera (6.5 µm per pixel) at 100 fps or higher. 
In single-cell kinematics analysis, the goal is to measure bacterium body shape, 
speed and rotation rate simultaneously for individual bacteria. That is 
accomplished by obtaining bacterium body contour, position and alignment 
angle with the open-source software CellTool [82]. This software extracts 
polygonal contours from the intensity iso-lines of the images. It can also align a 
population of contours in space and extract the contour centerline, mean 
diameter and centroid position. 
The movies were individually and manually cropped to contain only one 
bacterium using the open software platform ImageJ [83]. Only sequential images 
of bacteria on focus and aligned parallel to the imaging plane were analyzed. The 
individual images were thresholded and saved sequentially in PNG format, a 
requirement for CellTool [82].  
                                                
1 Part of the material in this section is reproduced from Science Advances [84]. 
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First, the non-aligned contours and centerline are extracted and saved, after that 
the program saves the mean body diameter and centroid position of all 
consecutive images. Following this, the aligned contours and centerlines are 
extracted and alignment angle of each consecutive image is saved. While the 
non-aligned contours are saved in the actual image position, the aligned contours 
are saved with the centroid position centered at (0,0). 
 
Figure 3.4: Phase contrast image of wild-type H. pylori LSH100 in PGM taken 
with 100X oil immersion lens. The contour (blue) and the centerline (red) 
obtained with CellTool are superimposed in the image. Figure adapted from [84]. 
Figure 3.4 shows the contour and centerline obtained with CellTool and plotted 
with Matlab® for wild-type H. pylori, superimposed with the phase contrast 
image. 
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3.3.1.1 Tracking 
The 𝑥 and 𝑦 positions of the centroid of the contours represent the position of the 
bacterium over time. If FR is the frame-rate of the movie, the time elapsed 
between two consecutive frames is given by ∆𝑡 = 1/FR. 
The uncertainty in the position is dominated by the fact that the ends of the 
bacterium body get in and out of focus. This effect is larger for longer bacteria, 
such as H. suis. 
3.3.1.2 Body shape parameters 
The aligned contours of each image were imported to software MATLAB where 
the end-to-end axial length (X!), helical pitch (𝑃) and helical radius (𝑅) of the 
bacterium body can be extracted. X! was measured as the distance between the two contour points at 𝑦 = 0 of the 
aligned contour (Figure 3.5 A). For helical bacteria, the aligned centerline without 
the end caps was fitted using a sine function (Figure 3.5 B), 𝑦 =𝑅 sin (2𝜋𝑥 𝑃 + 𝛿), from which the body helical pitch and body helical radius 
were obtained [4]. Here, 𝛿 is a parameter that allows the sine function to have a 
phase shift. Parts of the bacterium body get in and out of focus during the video 
recording, so the cell shape parameters of each image varies. The body 
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parameters of the bacterium are the ones measured from the most in-plane 
image, which is the image that provided the largest X!. 
 
Figure 3.5: Measuring the shape parameters of the body. (A) End-to-end axial 
length of the body (X!) in black. (B) Sine fit of centerline in black, where the first 
4 and last 4 points of centerline were not considered for the fitting. 
3.3.1.3 Body rotation rate 
I developed two methods to determine the rotation rate per revolution. The shape 
method was developed for helical shaped bodies and takes advantage of this 
geometry. The alignment angle method was developed for bacteria with unipolar 
flagella bundle with fixed orientation relative to the cell-body. The latter does not 
have a body shape requirement. Other methods give consistent results, such as 
Fourier transform, monitoring the change in axial length or tracking the positions 
of points in the end caps of the body. 
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Figure 3.6: Shape method. (A) Aligned contour (blue) and centerline (red) for one 
bacterium a few frames apart during one full revolution. The center point of the 
centerline is shown in black. Scale bar is 1µm. (B) Time evolution of the vertical 
displacement of the center point of the centerline. The raw data (cross symbol) is 
smoothed to remove noise by using a moving average filter with 7 points. The 
maximum points of the smoothed data are shown in magenta. Figure adapted 
from [84]. 
The 2D projection of a helix takes the form of a sine function, hence when a helix 
rotates the sine function changes phase. In the movies this can be visualized as 
changes in shape, as can be seen in the aligned contours of Figure 3.6 A. This 
figure shows the same bacterium over the course of one revolution, a few frames 
apart. This method consists of monitoring the time evolution of the vertical 
position of the center point of the centerline of the aligned contour. First, the 
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centerline is smoothed with a 7-point moving average filter to remove the high 
frequency noise (Figure 3.6 B). After that the period of rotation of the body per 
revolution (T!,"#$) is obtained by measuring the time difference between two 
consecutive maximum points. The body rotation rate per revolution is simply the 
inverse of the period of rotation Ω!,rev = 1/T!,rev. The average of body rotation 
rate can be obtained by getting the mean of body rotation rate per revolution. 
Alignment angle method 
 
Figure 3.7: Rotation of helical bacterium as measured by the change of alignment 
angle as a function of time (red) and by the vertical displacement of the center 
point of the centerline (black). Figure adapted from [84]. 
The rotation of the body causes the alignment angle between the body axis and 
the x-axis of the image to oscillate in time. That is consistent with helical 
trajectories due to a flagella bundle with fixed orientation relative to the cell-
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body [85]. Determining the body rotation rate per revolution by monitoring the 
evolution of the alignment angle over time follows the same procedure detailed 
in the shape method. Figure 3.7 shows a comparison between the two methods for 
the same bacterium track and provides consistent results. When the bacterium 
helical shape is too coiled with a small pitch (CellTool is not able to obtain a 
helical contour helical contour) or when it does not have a helical shape this 
method is used in place of the shape method.  
Fourier Transform Method 
 
Figure 3.8: Fourier transform of alignment angle shown in black line. The 
rotation rate per revolution obtained by the alignment angle method is shown in 
the histogram graph. 
The body rotation rate of the bacterium over the entire run can also be measured 
by finding the peaks of the Fourier transform of the time-resolved alignment 
angle or center point of centerline. Figure 3.8 shows the Fourier transform of 
alignment angle over the histogram of counts of body rotation rate per 
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revolution using the alignment angle method. Both methods give equivalent results 
for the body rotation rate over the entire run. The Fourier transform method is 
automated hence speeding up the analysis. On the other hand even though the 
alignment angle method is time costly, it also provides the body rotation rate per 
revolution that can be linked to the translational speed during that revolution. 
The flagella of bacteria can rotate at various rates, depending on the number of 
stators on the C-ring of the flagellum basal body (see section 1.1.3) hence the 
Fourier transform method loses this information. 
3.3.1.4 Speed 
Even though the bacterium is free to swim in a 3D volume, the recorded movies 
only capture the bacterium swimming on a horizontal plane and thus measure 
the 2-dimensional speed.  
First, trajectories are smoothed using a 7-point smooth moving average, than the 
average speed of a run can be obtained with the following methods. 
Average of instantaneous speed 
This is the most common method to obtain the speed of a tracked object. 
If (𝑥! ,𝑦!) is the position at time 𝑡!, the instantaneous speed is given by 
𝑆! = (𝑥! − 𝑥!!!)! + (𝑦! − 𝑦!!!)!∆𝑡  
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where ∆𝑡 = 𝑡!!! − 𝑡! = 1/FR and the average speed of the run is simply the 
average of the instantaneous speeds. 
Average of speed per revolution 
If 𝑥! ,𝑦!  and 𝑥!!!,𝑦!!!  are the positions of the bacterium in the beginning and 
in the end of a revolution (determined by the rotation method), the average 
speed is determined by dividing the distance traveled during one revolution by 
the period of rotation, T!,rev: 
𝑆j,rev = (𝑥! − 𝑥!!!)! + (𝑦! − 𝑦!!!)!T!,rev  
The average speed of the run is simply the average of the speed per revolution. 
3.3.1.5 Sense of rotation of the body for helical body-shaped H. pylori. 
The sense of rotation can be obtained because of the helical shape of the body. 
When the bacterium is swimming as a pusher, its right-handed body rotates and 
the 2D shape projection sequence is given by Figure 3.9 A, and when it swims as 
a puller, the shape projection sequence is given by Figure 3.9 B. The flagellar 
bundle handedness of both pusher/puller cases can be inferred if one knows the 
localization of the flagellar bundle, sense of body rotation, and swim direction. 
To swim in the direction shown in Figure 3.9 (A or B), the flagella have to 
generate a thrust in that same swimming direction. This thrust can be 
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accomplished by a right-handed flagellar bundle rotating in the same sense as 
the body rotates or by a left-handed flagellar bundle rotating in the opposite 
direction of the body rotation. As mentioned before, the flagellar bundle has to 
rotate in the opposite direction of the body to balance torque. Consequently, the 
flagellar bundle has to be left-handed in both pusher and puller cases. 
 
Figure 3.9: Method to obtain the sense of rotation of helical body of the 
bacterium. (A) Forward run: Sequence of shape projections, a few frames apart, 
of the right-handed helical body rotating one-way. (B) Reverse run: Sequence of 
shape projections, a few frames apart, of the right-handed helical body rotating 
the opposite way. Both sequences are obtained from the same bacterium before 
and after reversal, swimming in BB10. The position of the flagellar junction is 
marked as J. Scale bars, 1 µm. Figure from [84]. 
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3.3.2 Variation of speed among bacteria 
To analyze the speed distributions of large population of bacteria I recorded 
videos at 40X magnification and 33 fps, which provides a larger field of view to 
image a larger sample of bacteria and enough time to capture longer trajectories. 
In this experiment and analysis I do not look at single bacteria movies, hence the 
movies were tracked with software PolyParticleTracker [86], an open source 
Matlab code. The trajectories were segmented into runs by identifying 
reorientation events based on the methods of Theves et al [59] and Son et al [34], 
briefly explained here. 
3.3.2.1 PolyParticleTracker 
PolyParticleTracker was developed by S. S. Rogers et al to track low contrast 
objects against a non-uniform background, where the objects can have 
asymmetric shapes. This software is particularly useful in this work to track 
bacteria, due to their elongated asymmetric shapes.  
The first step of the method is to smooth the image and reduce the noise, than the 
particles are first identified by finding the positions of the maximum or 
minimum intensity. After this coarse identification the positions are refined by 
fitting the particle into a quartic polynomial, which gives a shape freedom for the 
tracked particle: 
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𝐼fit 𝑥,𝑦 = 𝑃!" 𝑥 − 𝑥! ! 𝑦 − 𝑦! !!!!!!!!!,!!! , 
where 𝑥 and 𝑦 are the pixel coordinates and 𝑛 denotes the number of steps of 
refinement. At each pixel, the refinement is given a Gaussian weight: 
𝐺 𝑥,𝑦 = 𝑒!(!!!!)!!(!!!!)!!!  
The refined particle center is given by 𝑥!!! = 𝑥! + Δ𝑥, 𝑦!!! = 𝑦! + Δ𝑦 with 
Δ𝑥 = 𝑃!!𝑃!" − 2𝑃!"𝑃!"4𝐽 , Δ𝑦 = 𝑃!!𝑃!" − 2𝑃!"𝑃!"4𝐽 , 
where 𝐽 = 𝑃!"𝑃!" − 𝑃!!! 4. 
Finally, the positions of the particles are linked between frames by minimizing 
the distance the object travels. 
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3.3.2.2 Trajectory segmentation 
 
Figure 3.10: Trajectory Segmentation. (A) Trajectory of H. suis swimming in BB10. 
(B) Instantaneous swimming speed. (C) Absolute angle change, |Δφ|, over time. 
The red circles indicate reorientation events. 
First the components of the instantaneous velocity are obtained 
𝑣!,!!! = (𝑥! − 𝑥!!!)!∆𝑡 , 𝑣!,!!! = (𝑦! − 𝑦!!!)!∆𝑡  
where ∆𝑡 = 𝑡!!! − 𝑡! = 1/FR and the instantaneous angle change is given by 
𝜙!!! = tan!! 𝑣!,!!!𝑣!,!!!. 
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The trajectories of bacteria may consist of runs, stops, reorientations and 
reversals. Figure 3.10 shows a typical trajectory of H. suis swimming in liquid 
media, along with its instantaneous speed 𝑣(𝑡) = 𝑣!(𝑡)! + 𝑣!(𝑡)! and absolute 
angle change Δ𝜙(𝑡) = 𝜙 𝑡 − 𝜙(𝑡 − Δ𝑡)  over time. To segment the trajectories 
the reorientation events, given by the red circles, are located by looking for large 
changes in the maximum of Δ𝜙(𝑡)  and/or the minimum of 𝑣(𝑡) according to Δ𝜙 𝑡max > 𝛾 2𝐷rotΔt, 
Max 𝑣(𝑡min + Δt)− 𝑣 𝑡min , 𝑣(𝑡min − Δt)− 𝑣 𝑡min > 𝛽𝑣 𝑡min , 
where 𝛾  is a threshold variable that determines how much larger than the 
rotational diffusion constant 𝐷rot that Δ𝜙(𝑡max)  has to be; and 𝛽 is a threshold 
variable that determines how much larger than 𝑣 𝑡min  that the speed change has 
to be to be considered a reorientation event. I found that 𝛾 = 15 and 𝛽 = 2 were 
enough to capture the reorientation events of H. suis while Hardcastle [50] found 𝛾 = 8.5 and 𝛽 = 1.75 for H. pylori. The rotational diffusion constant 𝐷rot about the 
minor-axis of H. suis was estimated as that of an ellipsoid with semi-minor axis 𝑎 = 0.5 𝜇𝑚 and semi-major axis 𝑏 = 6 𝜇𝑚 at room temperature 𝑇 = 298 𝐾 [87], 
𝐷rot = !!! !" !!! !!.!!!"!! ! ≈ 0.0072 rad2 s-1, 
while 𝐷rot = 0.05 rad2 s-1 for H. pylori with 𝑎 = 0.5 𝜇𝑚 and 𝑏 = 3 𝜇𝑚. 
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The bacterium is assumed to stay in reorientation event while the local angle 
changes was larger than Δ𝜙(𝑡max)  and if the displacement of the bacterium was 
smaller than that of Brownian motion: Δ𝜙(𝑡max) − Δ𝜙(𝑡max + Δ𝑡) > Γ Δ𝜙(𝑡max) , 𝒓 𝑡min + Δ𝑡 − 𝒓 𝑡min ! < 4𝐷Δ𝑡, 
where 𝐷 = 𝑘!𝑇 ln(!!/!)!!"#  is the translational diffusion of an ellipsoid moving at 
random [87]. For H. suis 𝐷 = 0.12 µm2/s and for H. pylori 𝐷 = 0.19 µm2/s. 
The runs are the trajectories between reorientations. 
3.3.3 Microrheology 
Rheology is the study of the flow of matter under applied forces. Purely viscous 
fluids such as water flow under application of shear stress with a characteristic 
viscosity, which is the resistance to shear stress proportional to strain rate. Solids 
do not flow but deform under shear stress and are characterized by an elastic 
modulus, which is the resistance to stress proportional to strain. Other materials 
possess both viscous and elastic characteristics and are known as viscoelastic 
materials. Microrheology is the study of the rheological characteristics at the 
microscale and can probe the material characteristics at wide frequency range, 
especially for higher frequencies where a modern scientific fast camera can reach 
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up to 1000 frames per second. Microrheology probes the viscoelastic 
characteristics that a micro-sized object will be subjected to thus being useful to 
understand the environment that a microswimmer senses, accounting for the 
heterogeneity of a sample. Particle-tracking microrheology consists of tracking 
the Brownian motion of spherical micro-beads immersed in the material, hence it 
uses very small volumes of the material and does not require extra equipment (it 
can be conducted with an optical microscope and a scientific camera). The mean 
square displacement of particles immersed in a Newtonian viscous fluid is given 
by: 
MSD(τ) = (𝒓(𝑡 + 𝜏)− 𝒓(𝑡))𝟐 =2dDτ, 
where d is the dimension of motion, D is the translational diffusion constant, 𝒓 𝑡  
is the position of the particle at time 𝑡  and τ  is the lag time between 
positions  𝒓(𝑡 + 𝜏) and 𝒓(𝑡). The average …  is a time-average over 𝑡  and an 
ensemble-average over the trajectories of different beads. If the bead has radius 𝑅 
and the medium has viscosity 𝜂 the translational diffusion is given by 𝐷sphere =
!!! !!"# and the viscosity can be obtained by 
𝜂 = 𝑑𝑘!𝑇𝜏3𝜋𝑅 MSD(τ) , 
where MSD(τ)/τ is the slope of MSD(τ) vs τ. 
	 
60	
For viscoelastic materials MSD(τ)∝𝜏! with 𝛼 < 1 where the viscous and elastic 
components may have a dependence on frequency. The value of 𝛼 for these 
materials can be found as the slope of MSD(τ) vs τ on a log-log graph. 
Mason and Weitz proposed a generalized Stokes-Einstein equation [88] to obtain 
the frequency dependent viscous and elastic components of viscoelastic media: 
𝐺(𝜔) = 𝑑𝑘!𝑇3𝜋𝑅𝜔 ∆𝑟!(𝜔)  , 
where 𝜔 is the Laplace frequency, ∆𝑟!(𝜔) and 𝐺(𝜔) are the Laplace transforms of 
the mean squared displacement ∆𝑟!(𝑡) and of the stress relaxation modulus 𝐺(𝑡). 
In order to avoid truncation errors by numerically calculating the Laplace 
transform of the MSD, they proposed substituting ∆𝑟!(𝜔)  into an algebraic 
generalized Stokes-Einstein equation: 
𝐺(𝜔) = 𝑑𝑘!𝑇3𝜋𝑅 ∆𝑟!(𝑡) Γ 1+ 𝜕ln ∆𝑟!(𝑡)𝜕ln𝑡        !!!/!        
where Γ 𝑥 = 𝑠!!!!! 𝑒!!𝑑𝑠  is the Gamma function. The storage 𝐺′(𝜔)  and 
viscous 𝐺′′(𝜔) moduli are obtained with 
𝐺! 𝜔 = 𝐺(𝜔) cos 𝜋2 𝜕ln ∆𝑟!(𝑡)𝜕ln𝑡        !!!/!       , 
𝐺!! 𝜔 = 𝐺(𝜔) sin 𝜋2 𝜕ln ∆𝑟!(𝑡)𝜕ln𝑡        !!!/!       . 
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CHAPTER 4: EFFECTS OF BODY SHAPE ON MOTILITY2 
4.1 INTRODUCTION 
In this chapter the results on the quantification of the effects of helical body 
shape on motility of Helicobacter pylori are presented. This investigation, 
published in Science Advances [84], is the outcome of collaboration between 
experimental measurements performed by me and numerical calculations 
performed by Mehdi Jabbarzadeh and Professor Henry Fu at University of Utah. 
Using fast time-resolution and high-magnification two-dimensional phase-
contrast microscopy I simultaneously imaged and tracked individual helical-
shaped H. pylori and its rod-shaped isogenic mutant in bacterial broth as well as 
mucin solutions, to obtain translational and rotational speeds as well as body 
shape geometric parameters. The experimental methods and analysis are 
described in detail in CHAPTER 3; see section 3.1 for sample preparation, section 
3.2.1 for data acquisition and section 3.3.1 for single-cell kinematics analysis. 
Mehdi Jabbarzadeh and Professor Henry Fu used the measured geometry and 
the observed rotational rate to numerically calculate the swimming speed of both 
                                                
2 Published in Science Advances 
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helical and rod-shaped bacteria using the method of regularized Stokeslets 
(RSM), briefly explained in CHAPTER 2 section 2.2.1, and found good 
quantitative agreement between theory and experiment for the swimming speed 
and the pitch of the trajectory thus validating the model. The use of the observed 
rotation rate as an input, circumvents the problems arising from not knowing the 
number of flagella in H. pylori, which is known to strongly affect the swimming 
speed [4]. 
Although experimental observations are limited to select cases, the model allows 
quantification of the effects of body helicity, length, and diameter. The results 
show that the relatively slow counter-rotation rate of the cell-body, the helical 
shape produces <15% extra propulsive thrust and <15% changes in swimming 
speeds as compared to the rod-shaped cell. 
4.2 EXPERIMENTAL RESULTS 
4.2.1 Helical trajectory 
The swimming of bacteria can be easily visualized by time-resolved optical 
microscopy and their trajectories can be obtained from frame-by-frame digital 
processing of movies to follow individual bacteria as they swim [56, 89]. I used 
time-resolved phase contrast microscopy to track the motion of live bacteria, 
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although other types of microscopy have also been used in the literature [56, 89, 
90]. In a previous study [4] hundred or more bacteria were tracked at a low video 
frame rate (10 fps) to analyze the speed distributions of large populations of the 
wild-type helical H. pylori from three different strains and rod-shaped mutant 
Δcsd6. In this study I focused on imaging only a few bacteria from the LSH100 
strain at higher magnification and faster frame rates to determine both the 
translational and rotational speeds of the swimmer and its relation to shape from 
a single trajectory. The experiments were done both in Brucella culture broth 
(BB10) and in porcine gastric mucin (PGM) 15 mg/mL solution at pH6. This low 
concentration of PGM corresponds to the average concentration of mucin in the 
loose non-adherent, outer layer of mucus [91]. At this concentration PGM 
solutions in pH6 buffer do not exhibit significant non-Newtonian effects [4, 92, 
93]. Movie S1 (see movie S1 in Supplementary Materials or in [84]), acquired at 
100X with 200 fps, shows a single helical bacterium swimming as a pusher in 
PGM at pH6. An optical microscopic image from one frame of this movie shows 
the bacterium’s cell-body (see inset to Figure 4.1 A) along with the contour (blue), 
centerline (red) and flagella junction localization (J). The shape of images were 
analyzed with CellTool [82] as described in CHAPTER 3 section 3.3.1. The 2D 
projection of the centerline of the helix was fit to a sinusoidal shape to obtain the 
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cell-body parameters. Figure 4.1 A shows images from every 5th frame (about 4 
images per body revolution) of this movie obtained by analyzing the movie. 
Overlaid on this image is the trajectory obtained by tracking the centroid of the 
images as explained in CHAPTER 3 section 3.3.1. 
 
Figure 4.1: Trajectory and body rotation of H. pylori LSH100 helical bacterium (WT) and rod-
shaped mutant (Δcsd6) swimming in PGM 15mg/ml at pH6. (A) Trajectory of helical bacterium 
plotted as body contours of cells (colors) every 5 frames. From this trajectory I measured a mean 
trajectory pitch PT = 1.5 ± 0.2 µm (standard deviation based on the 13 full rotations observed in 
the entire movie). The inset shows the contour (blue), centerline of bacterium’s cell-body (red) 
and the flagella junction (J). The flagella bundle cannot be seen in this image because of low 
contrast. (B) Rotation of helical bacterium as measured by change of the angle of axis as a 
function of time (red) and by the motion of the center point of the centerline (black) (more details 
in CHAPTER 3 section 3.3.1). (C) Image of the flagella bundle of helical bacterium for consecutive 
frames, giving an estimated rotation rate of 66 Hz with an uncertainty of 33%. This image 
sequence is from the same movie used in A and B, with images rotated for display and filtered to 
increase contrast (see Movie S2 in Supplementary Materials or [84]), especially around the 
flagella junction. (D) Trajectory of rod-shaped mutant plotted on the right side of graph in black 
(bottom and right axis) and rotation of bacterium as measured by change of the angle of axis as a 
function of time plotted on top in red (top and left axis). The inset shows the contour (blue) of the 
bacterium cell-body with the flagella junction indicated by J. The scale bar in all images 
corresponds to 1µm and the arrows indicate the swim direction. Image from [84]. 
5 10 15 20 25
2
4
6
8
10
12 0 0.5 1 1.5time (s)
-0.4
0.1
0.6
ce
nt
er
 p
oin
t  
   
 
0 0.2 0.4 0.6 0.8
time (s)
20
45
70
95
120
ali
gn
m
en
t a
ng
le 
( o
)
0 0.5 1 1.5time (s)
-100
-50
0
50
100
ali
gn
m
en
t a
ng
le 
( o
)
-20 -10 0
5
10
15
20
J
A B
C
D
J
	 
65	
Figure 4.1 B shows that the center point of centerline and the axis of the body 
rotate as a function of time and Fig. S1 (see Supplemental Information of [84]) 
shows head and flagellar junction rotation independently. The rotation of the 
body causes the alignment angle between the body axis and the x-axis of the 
image measured by CellTool [82] to oscillate in time. Measurement of the center 
point of body (denoted by subscript b) and the alignment angle (denoted by 
subscript a) provide independent estimates of the rotation rate Ω! = 10.3± 0.9 
Hz and Ω! = 10.4± 0.9 Hz, respectively. The 2D speed V during each revolution 
was calculated from the distance traveled on the image plane per revolution as 
described in CHAPTER 3 section 3.3.1. The rotation rate varies by ∼ 9% during 
this run while the speed varies about ∼ 12% with an average speed over the 
entire run of V = 17± 2 µm/s. The fact that body rotation and alignment angle 
precession have the same period is consistent with "wiggling" trajectories caused 
by flagellar bundles with fixed orientation relative to the cell-body [85]. For these 
trajectories, the amplitude of oscillation of the alignment angle is roughly twice 
the precession angle between the cell-body axis and the average swimming 
direction. The data follows a positive linear correlation between V and Ω. The 
ratio V Ω is a useful measure of the distance traveled in one revolution and 
should be independent of the motor torque, and only weakly dependent on the 
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thickness of the flagellar bundle. However, it depends on cell and flagella size 
parameters as well as flagellar bundle orientation. 
For this bacterium imaged at high resolution it was also possible to visualize the 
flagella rotation in some frames as shown in movie S2 (see movie S2 in 
Supplementary Materials or in [84]) and Figure 4.1 C. The flagella rotation rate is 
much faster than the body rotation leading to an estimate of around 66 Hz which 
is about 3 frames on the 200 fps camera and thus estimated with an uncertainty 
of 33%. In the images the orientation of the flagella appears to change with 
respect to the body. The diffraction blur makes it hard to make a definitive 
evaluation of this angle, but it seems to range from 0− 45° from the body axis. 
Note that apparent changes in the flagellar orientation in these 2D images are 
also consistent with a bacterium with fixed flagellar orientation undergoing 
bodily rotation [85], though the observed slight temporal variation of swimming 
speeds, trajectories, rotation rates, and precession angles suggest that flagellar 
orientation may not be constant in time. 
These direct observations of both body and flagella rotation accompanied by a 
precession show that by tracking at high frame rate and high magnification it is 
possible to directly observe the corkscrew motion of the bacterium as it swims. 
Additionally, due to the fact that as the flagella bundle rotates the cell must 
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counter rotate to balance the flagellar torque I can infer the sense of rotation of 
the flagella by imaging the rotation of the body. Flagella rotation is very difficult 
to visualize even under enhanced imaging conditions because they are very thin 
and rotate much faster (~60− 100 Hz) or by fluorescent microscopy as the 
Helicobacter flagella are sheathed in the same cell membrane that covers the cell-
body. Despite that I have observed by looking at the movies that the end of the 
bacterium where the flagellar bundle is located (referred to as the junction J here) 
exhibits a more rapid variation in the contrast on the image as compared to the 
other end. Thus I can identify the flagella junction end even when the flagella 
cannot be imaged. 
4.2.2 Comparison of helical with rod-shaped mutant 
In order to address the question of how the shape affects swimming speed I also 
tracked the rod-shaped mutant Δcsd6 in PGM and compared to the helical 
bacterium (see Movies S1 and S3 in Supplementary Materials or in [84]). Figure 4.1 
D shows the trajectory of the rod-shaped mutant indicating that it also swims in 
a helical track. The cell-body image, its contour and flagella junction localization 
are shown in the inset. The precession of the angle of the axis of the rod can be 
observed by looking at the orientation of the cell as it moves along a helical 
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trajectory (see Figure 4.1 D) and the variation of the axis orientation with time 
 
Figure 4.2: Trajectory, body shape and body rotation rate of a H. pylori LSH100 helical WT and 
rod-shaped Δcsd6 bacteria showing one reversal while swimming in BB10. (A) Trajectory of 
helical bacterium starting at green point and ending at purple point; arrows indicate swimming 
direction. The forward (black) and reversed (blue) trajectories are not connected because the 
tracking software could not track the bacterium during the reversal event as it left the field of 
view. However, the movie (Movie S4 in Supplementary Materials or in [84]) captures part of the 
bacterium’s diffraction rings during the reversal event, confirming it is the same bacterium for 
both tracks. The inset shows the contour (blue), centerline of cell (red) and the location of flagella 
junction (J) of the helical bacterium with scale bar corresponding to 1µm. (B) Rotation of helical 
bacterium measured by change of the angle of axis with time for both runs, color-coded as in 
track A. (C) Trajectory of rod-shaped mutant. The forward (black) and reversed (blue) are 
connected by the reversal event (red). The different lines in the forward run show changes in the 
direction of the trajectory not from reversals. The inset shows the contour (blue), centerline of cell 
(red) and the location of flagella junction (J) of the rod-shaped bacterium with scale bar 
corresponding to 1µm. (D) Rotation of rod-shaped mutant measured by change of the angle of 
axis with time for both runs, color coded as in track C. Image from [84]. 
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Table 4.1: Cell-body shape parameters, translation and rotation speeds of helical 
and rod-shaped mutant of H. pylori in PGM and BB10. Table from [84]. 
Medium PGM 15 mg ml-1 BB10 
Bacterium shape helical rod helical rod 
Cell shape 
parameters 
XB  (µm)* 2.51 ± 0.09 2.74 ± 0.09 2.33 ± 0.09 2.6 ± 0.1 Larc (µm)* 2.69± 0.09 2.74± 0.09 2.53± 0.09 2.6± 0.1 dB  (µm)* 0.83 ± 0.09 0.61 ± 0.09 0.61 ± 0.09 0.7 ± 0.1 PB (µm)* 2.43 ± 0.09 - 2.32 ± 0.09 - RB  (µm)* 0.15 ± 0.09 - 0.17 ± 0.09 - 
Forward 
run 
V (µm/s)† 17 ± 2 15 ± 4 31 ± 4 10 ± 2 Ω (Hz)† 10.3 ± 0.9 17 ± 2 28 ± 3 7 ± 2 V Ω (µm) 
(measured) 
1.6 ± 0.2 0.9 ± 0.3 1.2 ± 0.2 1.5 ± 0.4 V Ω (µm) 
(modeled) 
1.7 ± 0.3 0.9 ± 0.2 1.1 ± 0.3 1.3 ± 0.1 V Ω X!  
(measured) 0.67 ± 0.08 0.3 ± 0.1 0.50 ± 0.07 0.6 ± 0.1 
Reversed 
run 
V (µm/s)† NA NA 10 ± 2 11 ± 2 Ω (Hz)† NA NA 11 ± 2 10 ± 1 V Ω (µm) 
(measured) 
NA NA 0.8 ± 0.2 1.1 ± 0.2 V Ω (µm) 
(modeled) 
NA NA 0.8 ± 0.3 1.1 ± 0.1 V Ω X!  
(measured) NA NA 0.35 ± 0.09 0.44 ± 0.06 
* The errors are given by 21/2(pixel size of image). 
†Averaged over the entire run, error is the standard deviation for the run. 
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bacterium rotates, the length of the image of the rod changes in an oscillatory 
provides a measure of the rotation rate. Although the 2D images of the cell-body 
remain rod-shaped as the fashion with the same period as the axis. I was also 
able to see the flagella of this rod-shaped bacterium in some frames but since it 
was not seen clearly in all successive frames I can not evaluate the flagella 
rotation rate.  
I also compared the helical H. pylori and its rod-shaped mutant in culture broth 
BB10 (see Movies S4, S5 in Supplementary Materials or in [84] and Figure 4.2 A-D). 
Figure 4.2 A shows the trajectory of a helical bacterium (from Movie S4 recorded at 
200 fps and 100X magnification) whose cell-body image is shown in the inset to 
Figure 4.2 A, and Figure 4.2 C shows the trajectory for the rod-shaped mutant (from 
Movie S5 recorded at 30 fps and 40X magnification). Both trajectories show 
forward and reverse swimming. The rotation of the alignment angle is shown for 
both the forward and reverse motion in Figure 4.2 B for the helical bacterium and 
Figure 4.2 D for the rod-shaped mutant. The inset to Figure 4.2 C shows that the 
axial length X! and diameter of this rod-shaped bacterium is close to the contour 
length of the cell-body centerline L!"#  and diameter of the helical bacterium 
shown in Figure 4.2 A (see Table 4.1), i.e. the two bacteria have similar cell 
volumes.  
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In Table 4.1 the observed speeds are listed and also include the parameters V Ω 
and V Ω X!  which correspond to the distance traveled per rotation in 
dimensional and non-dimensional units, respectively. A comparison of the 
observed speeds (Table 4.1) shows that the rod-shaped bacterium swims at a 
slower speed than the helical one in both PGM and broth. It can also be observed 
that the relative change in speed of helical vs rod is larger in PGM than in broth, 
in agreement with the previous result reported by Martinez et al [4] for the 
increase in median speed in viscous PGM as compared to broth. However, I 
cannot infer that this holds in general by comparing individual bacteria. The 
individual rod and helical bacteria examined here had different sizes as well as 
different rotation rates which implies that they may have also differed in number 
of flagella in the bundle as well as flagellar geometry and orientation; features 
which I could not image.  
4.2.3 Forward versus reverse motion 
It is well known that bacteria change their swimming direction in order to 
explore their environment and respond to chemotactic gradients [56]. In addition 
to the familiar run-and-tumble mechanism seen in many bacteria such as E. coli 
[56], H. pylori also tends to reverse its swimming direction which has been 
related to chemotactic sensing and quorum sensing in earlier work [4, 39, 45, 46, 
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94, 95]. Such run-reverse swimming has also been seen in several marine bacteria 
that swim in highly viscous environments [96–99] and in C. Crescentus [54]. I was 
able to observe reversal events in both the helical and rod-shaped bacteria tracks 
swimming in BB10 as shown in Figure 4.2. The average rotation rate before and 
after a reversal were measured (See Table 4.1) and show a 40% increase for the 
rod-shaped mutant while it decreased 60% for the helical bacterium when 
swimming in reverse. The definition of forward/reverse rely on visualizing the 
rapid change in contrast at the flagella junction end further substantiated by 
actually seeing faint images of flagella in some frames (more details in the 
Supplementary information, movies S4 and S5 in Supplementary Materials or in 
[84]). During the reversed run the helical wild-type (WT) bacterium swims at VWT,rev = 10± 2 µm/s and the rod-shaped mutant at a similar speed, V∆csd6,rev =11± 2 µm/s. Moreover in the reversed run this rod-shaped mutant swims at a 
similar rotation rate ΩΔcsd6,rev = 10± 1  Hz as compared to the helical one, ΩWT,rev = 11± 2 Hz. Instead of comparing speeds for forward and reverse runs it 
is better to measure distance traveled per rotation V Ω (or the dimensionless 
quantity V Ω X! ) which are slightly larger during forward vs reverse 
swimming for both the helical and rod-shaped bacteria tracked here (see Table 
4.1). However, using either V Ω or V Ω X!  to compare swimming ability of 
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rod-shaped and helical cell bodies in this context is problematic since one should 
compare cells with the same motor torque, cell-body diameter, and flagellar 
orientation angle, all of which could vary from cell to cell. For example variations 
in the swimming speed are dominated by variations in the number of flagellar 
motors per cell which alters the total torque [4]. As discussed later, using a 
numerical model circumvents these problems to allow direct tests of the effect of 
cell-body geometry on propulsion while keeping all other parameters fixed.  
Simultaneous imaging of the trajectory and cell-body allows the determination of 
the sense of rotation of the cell-body by analyzing the phase of the rotation angle 
(more details in CHAPTER 3 section 3.3.1). Since the body counter-rotates 
relative to the flagellum to balance torques, I thereby deduce the sense of flagella 
rotation. Relative to the cell-body, such an analysis shows that the sense of 
rotation of the flagellar bundle appears to reverse on a reversal event implying 
that during both pushing (forward motion) and pulling (backwards motion) the 
propulsive flagella have the same left-handed configuration. 
In addition to the results on the 4 individual bacteria reported in detail above, I 
imaged and tracked 22 other bacteria (see Table 4.2) in PGM and broth, all 
showing cells rotating while swimming along their trajectory. Although the 
speeds and rotation rates of individual bacteria vary because of different cell and  
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Table 4.2: Other measured cell-body shape parameters, translation and rotation speeds of helical 
and rod-shaped mutant of H. pylori in PGM and BB10. M is magnification and FR is the frame 
rate in fps. V is given in µm/s, Ω in Hz, V Ω in µm and V Ω X!  is dimensionless. Bacteria 
without PB  and RB are rod-shaped. 
 M FR Shape (µm)* Forward Reversed 
   XB dB PB RB V Ω !! !! !!  V Ω !! !! !!  
PG
M
 
100 
100 
2.05 0.69 - - 27 47 0.6 0.3 - - - - 
2.07 0.64 - - 19 23 0.8 0.4 - - - - 
2.28 0.68 - - 23 30 0.9 0.3 11.5 10.6 1.1 0.5 
2.37 0.74 - - 26.2 14.3 1.8 0.8 8.6 5.3 1.6 0.7 
200 
2.3 0.78 2.1 0.15 9.8 6.8 1.4 0.6 - - - - 
1.9 0.84 1.7 0.12 12.3 15.5 0.8 0.4 - - - - 
2.6 0.86 2.5 0.13 13.3 7.6 1.8 0.7 - - - - 
2.3 0.76 2.2 0.06 9.77 12.6 0.8 0.3 - - - - 
2.8 0.79 2.7 0.06 16.1 21.5 0.7 0.3 - - - - 
BB
10
 
40 30 
2.6 0.6 - - 18 15 1.2 0.4 11.6 7 1.7 0.7 
2.7 0.7 - - 15 15 1.0 0.4 - - - - 
100 200 
2.20 0.80 2.14 0.12 6 7 1.0 0.4 - - - - 
2.33 0.79 2.18 0.09 7 8.8 0.8 0.3 - - - - 
40 30 
1.8 0.79 1.62 0.11 16.8 13.4 1.3 0.7 - - - - 
1.9 0.8 1.73 0.11 13.94 10 1.4 0.7 - - - - 
1.9 0.85 1.84 0.09 15.9 11.4 1.4 0.7 - - - - 
2.2 0.82 2.13 0.06 16.6 10.9 1.5 0.7 - - - - 
2.4 0.89 2.22 0.12 18.4 12 1.5 0.7 - - - - 
2.3 0.87 2.23 0.11 12.8 8.7 1.5 0.6 - - - - 
2.7 0.85 2.58 0.14 14.4 8.9 1.6 0.6 - - - - 
3.0 0.87 2.86 0.14 16.19 11.2 1.4 0.5 - - - - 
3.7 0.83 3.44 0.22 18.3 11.2 1.6 0.4 - - - - 
* The errors are given by 21/2(pixel size of image); 0.1 µm for 40X and 0.09 µm for 100X. 
 
flagella sizes the overall rotation rates and swimming speeds are in a similar 
range to those displayed in Figure 4.1 and Figure 4.2. While the numbers are not 
large enough to do a detailed statistical analysis, note that the average of both V Ω and V Ω X!  are larger for the helical vs rod-shaped mutant irrespective of 
the swimming medium. The values obtained for the dimensionless ratio 
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V Ω X!  are 0.5 for helical vs 0.4 for the rod in PGM, and 0.6 for helical vs 0.5 for 
rod in BB10, implying on average about 25% extra propulsion for the helical 
shape in PGM and 20% in broth. 
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4.3 METHOD OF REGULARIZED STOKESLETS RESULTS 
4.3.1 Calculation of trajectory using method of regularized Stokeslets 
 
Figure 4.3: Comparison of numerical model to experiment for bacteria in PGM. (A) Discretized 
geometry used for numerical calculations. Cell-body geometry is parameterized by diameter d 
and axial length XB, and flagellar bundle geometry is parameterized by pitch P and helical radius r. Orientation of the helical centerline of the cell-body with respect to the centerline of the 
flagellum is determined by the angles θ,ϕ. (B) Calculated trajectory of the cell-body with 
geometry measured from Figure 4.1 and flagellar parameters Ffit (see text and Table 4.1, Table 
4.3). Frame interval is same as Figure 4.1 A and trajectory pitch is 1.62 ± 0.3 µm. (C) Swimming 
speed observed from Figure 4.1 B (helical WT) compared to those numerically calculated for 
different flagellar geometries, which are shown next to each line. (D) Histogram of the trajectory 
pitch observed in experiments, and numerically modeled trajectory pitch for the same flagellar 
geometries as in C. (E) Swimming speed observed from Figure 4.1 D (rod-shaped mutant Δcsd6) 
compared to those numerically calculated for different flagellar geometries, which are shown 
next to each line. Vertical error bars in C, E and horizontal error bars in D correspond to 
propagated uncertainty from experimental cell-body measurements. Figure from [84]. 
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Table 4.3: Flagellar bundle parameters*. Table from [84]. 
  PGM 15 mg ml-1 BB10 
  helical rod helical rod 
Flagella 
(𝐅𝟎) 
X! (µm)† 2.97 2.97 2.97 2.97 d!  (µm)‡ 0.07 0.07 0.07 0.07 P! (µm)§ 1.58 1.58 1.58 1.58 R!  (µm)§ 0.14 0.14 0.14 0.14 Ω! (Hz) 66 ¶ - - - 
Flagella 
(𝐅fit) 
Θfwd (°) 40 30 30 50 Φfwd  (°) 0 0 0 0 Θrev (°) NA NA 5 40 Φrev  (°) 0 0 0 0 
Flagella 
(𝐅min) d!  (µm) 0.035 0.035 0.035 0.035 Θ (°) 15 0 15 0 Φ (°) 180 0 225 0 
Flagella 
(𝐅max) d!  (µm) 0.14 0.14 0.14 0.14 Θ (°) 45 50 45 50 Φ (°) 0 0 0 0 
*Flagellar geometry parameters based on [4] are inputs for the numerical 
calculations. 
†The end-to-end length X!, of the flagellum is calculated from the helical length of 
3.4 µm reported in [4] and was the same for helical and rod-shaped. 
‡The thickness of the flagellar bundle d! is taken the same as used in the RFT 
calculation in [4] for the F!  and Ffit geometry and then varied for Fmin and Fmax 
geometries. 
§The flagella pitch and helical radius P! and R!, respectively are taken the same as 
that used in [4] which are based on the values used for Vibrio alginolyticus [90]. 
¶Flagella rotation is estimated from only 3 frames per rotation (see Figure 4.1 C) 
and thus the error would be about 33%. 
The method of regularized Stokeslets [74, 75] was used to calculate swimming 
trajectories and speeds for H. pylori with the same cell-body shape as shown in 
the inset to Figure 4.1 A. The bacterial geometry is specified by the helical pitch, 
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helical radius, length, and cell-body diameter, and the flagellar bundle is 
modeled as a single helix rotating around its helical axis at a fixed orientation 
relative to the cell-body (Figure 4.3 A). Once the geometry is defined, all 
swimming kinematics are determined by a single input which can be directly 
measured by experiment, the body rotation rate. This single input parameter 
incorporates the effects of varying flagella number, as well as any effects of 
medium viscosity on the rotation rate. Details of the numerical method, 
including convergence studies, are given in the Supplementary Information in 
[84] and the numerical parameters for both cell-body and flagellum geometry are 
provided in Table 4.1 and Table 4.3. The calculated trajectory for a particular 
choice of flagella geometry (as discussed later) shown in Figure 4.3 B is in 
reasonable agreement with the experimentally observed trajectory of Figure 4.3 A. 
The average velocity is the component of instantaneous velocity along the 
rotation direction, which is equivalent to the net translation over a revolution 
divided by the period of revolution. 
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4.3.2 Quantitative comparison between model and experiment 
 
Figure 4.4: Comparison of numerical model to experiment for bacteria in broth. 
(A) Swimming speed calculated for LSH100 helical WT trajectory from Figure 4.2 
A using measured cell-body geometry and different flagellar geometries, which 
are shown next to each line. Isolated symbols are experimental observations from 
trajectory. (B) Swimming speed calculated for LSH100 rod-shaped mutant Δcsd6 
trajectory from Figure 4.2 B using measured cell-body geometry and different 
flagellar geometries, which are shown next to each line. Isolated symbols are 
experimental observations from trajectory. All parameters used for these models 
are described in Table 4.1 and Table 4.3. Figure adapted from [84]. 
Figure 4.3 C shows the predicted average speed as a function of cell-body rotation 
frequency for the bacterium in Figure 4.1. The error bars correspond to the 
propagated uncertainty from the measurements of cell-body parameters (Table 
4.1). The geometry and orientation of the bundle can affect the result, but 
flagellar geometry is difficult to measure precisely since it is difficult to visualize 
the flagella. Therefore the effect of flagellar geometry is investigated by finding 
the range of swimming speeds possible for the observed cell-body shape. Each of 
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the different lines in Figure 4.3 C correspond to different bundle geometries and 
orientations (represented pictorially beside lines, see Table 4.3 for specific flagella 
geometrical parameters). The range of calculated speeds nearly spans all 
observed speeds: the minimum swimming speeds obtained for the bundle 
geometry Fmin are below those observed in this experiment, while the maximum 
swimming speeds obtained for the bundle geometry Fmax encompass the upper 
end of experimental measurements. The variation in swimming speed between 
the different bundle geometries is most strongly affected by the orientation 
angle. The flagellar configuration corresponding to the average flagellum 
geometry measured by Martinez et al [4] using TEM (Table 4.3) and bundle 
orientation parallel to the cell-body helical axis (F!), gives calculated swimming 
speeds smaller than the observed speeds. However, the geometry with the 
flagellum oriented at 40° from the helical axis (Ffit) yields swimming speeds that 
match experiments well. Note that a 40° orientation is consistent with the images 
in Figure 4.1 C. 
The dependence of trajectory on the flagellar bundle geometry was also 
investigated. In Figure 4.3 D the horizontal lines show the calculated trajectory 
pitch for the Fmin, F!, Ffit, and Fmaxbundle geometries. The Ffit geometry produces 
trajectories that have the most commonly observed trajectory pitch, calculated as 
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V Ω, further supporting the quantitative agreement between the model and 
experiment. The calculated overlay of images from trajectory for the flagellar 
geometry Ffit shown in Figure 4.3 B, is comparable to the observed trajectory in 
Figure 4.1 A. 
In addition to the helical bacterium shown in Figure 4.1 A, quantitative modeling 
of the rod-shaped mutant in PGM (Figure 4.1 D) was also performed as well as the 
helical bacterium and the rod-shaped mutant in BB10 (Figure 4.2 A and B, 
respectively). The measured body parameters in Table 4.1 were used in 
combination with a range of flagellar bundle geometries as before (see Table 4.3 
for specific geometric parameters). As in the previous case, the observed 
swimming speeds lie within the minimum and maximum obtained by varying 
flagellar geometries. For the rod-shaped mutant in PGM (Figure 4.3 E), the best fit 
to observed speeds is obtained with the flagellar bundle at 30° from the body 
axis. For the bacteria in BB10, (Figure 4.4) the best fits to observed speeds are 
obtained with flagella at 50° and 40° from the helical axis for the rod-shaped 
bacterium swimming as a pusher (forward) and puller (reverse); and 30° and 5° 
for the helical bacterium swimming as a pusher, and puller, respectively. Error 
bars for the calculated swimming speeds are the propagated uncertainty from 
errors in measured body parameters in Table 4.1. Note that the large errors in 
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experimental frequencies for the Δcsd6 bacterium arise from the slower frame 
rate of the videos in that case. The slopes of the fitted lines in Figure 4.3 C, E and 
Figure 4.4 A, B correspond to V Ω, and can be used to compare swimming 
speeds at the same rotation rates. In the calculations the flagellar bundle was 
assumed to have fixed orientation relative to the cell-body during swimming, 
which results in a linear relationship between V and Ω. Deviations from linearity 
in the experimental data indicate that the flagellar bundle orientation relative to 
the cell-body may vary in time along the trajectory. 
4.3.3 Effect of body helicity on swimming speeds 
The above results provide quantitative validation of the numerical model, so 
next the numerical model is used to explore the effect of body helicity on 
swimming speeds. While the experimental observations must only focus on 
individual examples, the numerical model allows to continuously vary 
geometries. Numerical modeling circumvents the experimental difficulty 
of ensuring that flagellar geometries and cell-body diameters are the same in 
comparisons of helical and rod-shaped bacteria. In order to test the propulsive 
effect of the helical cell-body, first a comparison between the swimming speed of 
helical and rod-shaped H. pylori cells with fixed flagellar geometry was 
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performed. In the following the speeds and angular velocities are reported in 
 
Figure 4.5: Effect of body helicity on propulsion. (A) Nondimensional swimming speed 
vs axial length for constant torque. Comparison between cell bodies of opposite helicity 
(blue/diamonds: right-handed (RH) and green/square: left-handed (LH)) and a rod-
shaped cell-body (orange/circles) reveals the effect of helicity on swimming speed. Inset: 
Percent difference between swimming speeds for left- and right-handed cell bodies. (B) 
Nondimensional cell-body rotation rate for different axial lengths. The body rotation 
rate is an order of magnitude slower than the flagellum rotation rate. Both rotation rates 
are virtually the same for RH and LH cells as seen by the overlapping blue and green 
symbols. (C) Average swimming-direction-component of total drag and estimated 
thrusts from cell-body and flagellum. (D) Nondimensional swimming speed as a 
function of cell-body pitch, which varies the helicity of the cell-body. In the two curves, 
either cell-body contour length or cell-body axial length is kept fixed. Figure from [84]. 
nondimensional units by normalizing by 𝑇 µ𝑋!!  and 𝑇 µR𝑋!! , respectively, 
where 𝑇  is the motor torque, R  is the flagellar helical radius, and 𝑋!  is the 
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flagellar axial length. This choice of normalization amounts to keeping torque 
constant, as appropriate for flagellar motors under normal operating conditions, 
and provides a way to directly evaluate the effect of cell-body shape on 
swimming speeds. In addition, the length scale 𝑋! is derived from the flagellum, 
and so remains constant as cell-body geometry is altered. 
To investigate the effect of cell-body helicity on swimming speed three scenarios 
were compared (inset to Figure 4.5 A): 1) the actual geometry with left-handed 
flagellum and right-handed cell-body, 2) a geometry with left-handed flagellum 
and left-handed cell-body, and 3) a geometry with left-handed flagellum and 
rod-shaped (nonhelical) cell-body. For the helical cell-body the mean value of the 
helical radius (0.22 µm), pitch (2.4 µm), and body diameter (0.58 µm) were used 
[4]. For the rod-shaped cell-body the pitch is zero and other geometrical values 
are same as the helical cell-body. Figure 4.5 A shows the swimming speed as a 
function of varying cell-body axial length for these three scenarios. As expected, 
right-handed cell bodies have faster swimming speeds. The difference between 
swimming speeds for the left- and right-handed cell bodies is always less than 30%, while the swimming speed of the cylindrical cell-body is usually between 
them. The inset of Figure 4.5 A shows the percent difference between the 
swimming speeds of left-handed and right-handed cell bodies. Typically the 
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cylindrical cell-body has a swimming speed closer to that of the right-handed 
cell-body (< 10% difference), and further from that of the left-handed cell-body 
(< 20%  difference). Note that since the geometry of the flagellum remains 
constant for all three cases, there is no overall symmetry relation between the 
left- and right-handed cell-body scenarios and the swimming speed of the 
ellipsoidal cell-body is not expected to lie exactly in between that of the left- and 
right-handed cell-body. These results support the idea that the effect of the body 
helicity on propulsion is quite small relative to a cell with a non-helical 
geometry. 
In addition to the direct comparison between a helical and rod-shaped bacterium 
presented above, the calculations relative to previous results comparing speed 
distributions for rod-shaped Δcsd6 and helical WT populations of the LSH100 
strain were also examined [4]. The measured speed distributions indicate that the 
rod-shaped mutants swim with an average swimming speed ~10% slower which 
is not too far from the result shown in Figure 4.4 A that the cylindrical body 
swimming speed is about 6% lower than that of a helical cell with a right-handed 
body. Since the swimming speed variation in the populations would be more 
strongly affected by variations number of flagella, this suggests that both the 
rod-shaped mutant and helical WT populations have similar distributions of 
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number of flagella as was confirmed from TEM measurements in [4]. In addition, 
Martinez et al [4] used resistive force theory to calculate speed and found that the 
speed decreases monotonically with increasing length and increasing helical 
radius while it showed a non-monotonic dependence on pitch, increasing at low 
values of pitch and decreasing slightly for high pitch. These trends are the same 
as obtained here for the RSM calculation (Figure 4.5 A and D for constant contour 
length). However, the RFT predicted a much larger effect of helicity on speed, 
with the helical cell swimming about 40% faster than the rod (modeled as an 
ellipsoid [50]). In contrast RSM is quite close to the observed speed increase of 10% for helix versus rod. 
4.3.4 Cell-body low rotation speeds produce little propulsive thrust 
Physically, the small amount of cell-body propulsion can be explained by the 
relatively small rotational speed of the cell-body as compared to the flagellum. 
Figure 4.5 B shows the rotation rate for both the flagellum and cell-body for the 
scenarios in Figure 4.5 A. In all cases, the cell-body rotation rate is less than 1/10th 
of the flagellar rotation rate (comparable within errors to the experimentally 
observed ratio of cell-body to flagella rotation rate shown in Figure 4.1), implying 
that there is limited ability for the cell-body to generate thrust. Due to 
hydrodynamic interactions between the cell-body and flagellum, it is not 
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possible to clearly define which portion of the total thrust arises from the cell-
body and flagellum separately. However, thrust and drag can be estimated from 
a model which ignores the hydrodynamic interactions between the cell-body and 
flagellar bundle. The force and torque on the body and flagellar bundle were 
calculated separately using the RSM to calculate resistance matrices that express 
the forces and torques in terms of their linear and rotational velocities [100]. 
Imposing the kinematic constraint of a fixed bundle-cell orientation and net force 
and torque balance yields swimming velocities and body rotations that are 
qualitatively in agreement to the full RSM calculations (see Supplementary 
Materials for details). 
In Figure 4.5 C, the components of estimated total drag, flagellar thrust, and cell-
body thrust in the swimming direction are plotted as a function of axial length 
for the case of right-handed cell-body and left-handed flagellum. In accord with 
the expectations arising from the smaller rotation rates of the cell-body compared 
the flagellum, the cell-body thrust is estimated to be only about 15% of the 
flagellar thrust. Due to the net force constraint, the sum of the thrust from the 
cell-body and flagellar bundle equals the total drag. Thus, the helicity of the cell-
body (which leads to thrust) should not affect swimming speeds through 
propulsion by more than that percentage. 
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4.3.5 Cell-body geometry affects swimming speed primarily through changes 
in drag 
If the cell-body shape does not affect the swimming speed through propulsion, 
what dominates the changes in swimming speeds observed in Figure 4.5 A? In 
Figure 4.5 A, the dominant trend is that swimming speed decreases (by a factor of 
about 2) as the axial length increases. The trend in swimming speed can be 
explained by the following: for constant prescribed motor torque, the flagellar 
rotation rate should be relatively constant, yielding an approximately constant 
flagellar thrust, and hence nearly constant total thrust, as apparent in Figure 4.5 B 
and C. The velocity is set by balancing the total thrust against the total drag, both 
of which are linearly related to the swimming velocity (Eq. (7) of Supplementary 
Information in [84]). Thus, changes in the swimming speed are primarily due to 
changes in the translational resistance of the cell-body, which increases with 
increasing axial length of the helix for fixed pitch, consistent with the results of 
Figure 4.5 A. Having the cell-body affect swimming speeds through drag is the 
most commonly considered situation for bacteria as well as sperm [73, 101, 102]. 
In addition to investigating the effect of cell-body helicity by comparing left-
handed, right-handed, and rod-shaped cell bodies, the helical character of the 
cell-body can be changed by varying the helical pitch: a small pitch yields a very 
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tight helix while a large pitch yields a loose helix. The resulting swimming 
speeds are shown in Figure 4.5 D. The blue curve (circle symbols) is the 
swimming speed vs pitch for constant arc length; the swimming speed increases 
by less than 5% as the pitch varies by a factor of 4. The small change in 
swimming speed suggests that helicity does not appreciably affect swimming 
speed. On the other hand, if the axial length of the helix is kept fixed instead of 
keeping the arc length of the helical cell-body fixed (red curve, square symbols), 
the swimming speed increases by nearly 50% over the same range of pitches. 
However, changing the pitch changes not only the helical character of the 
geometry but also quantities such as rotational and translational drag of the cell-
body. The results are consistent with the hypothesis that changes in drag are the 
dominant contribution to changes in swimming speed: translational drag 
increases with increasing contour length of the cell-body, which increases with 
decreasing pitch for fixed axial length (red curve), while translational drag is 
relatively constant with pitch for fixed contour length of the cell-body (blue 
curve). 
Martinez et al [4] also studied three different helical strains varying in shape 
parameters and found that some strains differed in average swimming speed by 
as much as a factor of two. However these observations cannot be directly 
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compared to the calculation of dependence of speed on length or pitch of helical 
bacteria, because these strains not only varied in their morphological parameters 
but also had different number of flagella which varied within each population as 
well. In accord with this investigation, the latter may have a larger effect than 
variation in shape/size, as was observed in the experiments of Martinez et al [4] 
by examining mutants with varying number of flagella. Such observations 
highlight the complicated variations within populations of a given bacterium 
and differences among strains which make direct experimental evaluation of the 
changes in swimming speed due to cell-body shape difficult. Even measures 
such as V Ω should not be used to definitively compare swimming efficacy. 
Indeed, although Table 4.1 shows that V Ω of the forward-swimming helical cell 
is equal within experimental error to that of the rod-shaped mutant bacteria in 
broth, and that V Ω of the forward-swimming helical cell is faster than that of the 
rod-shaped mutant in PGM, when apple-to-apple comparisons were performed 
by calculating swimming speeds of a rod-shaped bacterium with the same body 
diameter, length, and flagellar orientation as the helical bacterium (or vice versa), 
up to 50% differences in V Ω were found. However, examining the constant-
torque swimming speed between each rod-shaped/helical pair revealed less than 50% differences, in agreement with the calculations presented above. 
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4.3.6 Comparison to other bacteria species 
 
Figure 4.6: Nondimensional swimming speed for C. crescentus predicted from 
flagellar thrust only (red) and cell-body thrust only (green) compared to 
swimming speed predicted by model in Liu et al [54]. Figure from [84]. 
The effect of propulsion arising from cell-body rotation was also recently 
examined for the curved bacterium, Caulobacter crescentus by Liu et al [54]. In that 
paper, the relative orientation of the cell-body to the swimming trajectory is 
shown to affect swimming speeds, and it is hypothesized that tilted cell bodies 
contribute significantly to propulsive thrust. In contrast, the results presented 
here suggest that helical cell bodies produce little propulsive thrust. Since helical 
cell bodies would be expected to have more propulsive thrust than the slightly 
curved cell bodies of C. crescentus, the model of Liu et al was reexamined here, 
which presents a decoupled model treating the cell-body as a rod-shaped body 
tilted from the flagellar axis by an angle θ. The resistance matrix for the cell-body 
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depends on the tilt angle θ and contains an off-diagonal term 𝜖! , which is 
nonzero when θ ≠ 0, describing cell-body propulsion arising from rotation, and 
diagonal terms 𝜎! and 𝜏! describing the cell-body rotational drag arising from 
rotation, or cell-body translational drag arising from translation, respectively. In 
Figure 4.6, Liu et al's [54] Figure 4 for cell mobility vs precession angle was 
regenerated, plotting the speed normalized by cell-body rotation rate and cell-
body length, [𝐾 = 𝑉/ Ω𝐿 = 𝑏𝜏! + 𝜖! / 𝜎! + 𝑐 + 𝑏𝜖! ] which is Eq. (4) of Liu et 
al. The precise parameters used here are: 𝐿 = 2µm, 𝑏 = 1.1µm!!, 𝑐 = 0.65µm×4𝜋𝜇, !!!∥ = 1.4,𝐶! = 4𝜋𝜇, 2𝑅 = 𝐿 sin 𝜃 .  
In Figure 4.6, the relative contribution of cell-body propulsion was examined by 
also plotting 𝐾!" = 𝑏𝜏!/ 𝜎! + 𝑐 , which ignores the contribution of the cell-body 
propulsion by 𝜖! = 0. It is apparent that the dependence of swimming speed on 
tilt angle is largely captured even without considering cell-body propulsion. 
Furthermore, 𝐾!" = 𝜖!/ 𝜎! + 𝑐 + 𝑏𝜖!  is plotted here which isolates the 
contribution of the cell-body propulsion by setting 𝜏! = 0. This yields only a 
small variation of swimming speed, in accord with the results for H. pylori 
presented here. 
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4.4 CONCLUSION 
The overall conclusion of this investigation is that helical shape adds only a small 
advantage in motility. The results reported here and the earlier studies of Liu et 
al [54] are consistent with the interpretation that cell-bodies affect swimming 
speeds primarily through changes in rotational and translational drag rather 
than through changes in the cell-body propulsion. This general statement should 
hold true when the propulsive thrust is largely generated by an external 
flagellum or flagellar bundle; on the other hand, in cases where propulsion is 
generated by cell-body deformations such as Spiroplasma or Spirochete bacteria, 
clearly the helicity of the cell-body will play a dominant role in thrust. Likewise, 
the helicity of artificial swimmers where rotation rates can be controlled by 
external fields also plays a large role in thrust [103–106]. This work has been so 
far focused on swimming speed rather than efficiency since bacteria that live in 
the digestive tract are likely not limited by the power output needed for 
locomotion. However, for bacteria in other environments, such as marine 
bacteria, nutrient scarcity and higher swimming speeds may select for efficiency 
rather than speed. In the Supplemental Information of [84], the efficiencies of 
bacteria (defined as work done to translate the cell-body divided by total power 
expended, Eq. 12 of Supplementary Material) with the right-handed, left-handed, 
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and rod-shaped cell bodies examined in Figure 4.5 A are shown. The changes in 
efficiency are found to be well-accounted for by the change in swimming speed, 
rather than changed resistance or changed power expended as the geometry 
varies. Since the work to translate the cell-body scales as speed squared, one 
expects that the 10% changes in swimming speed between rod and helical cell 
bodies would lead to larger changes in efficiency of a factor of ~1.2 = 1.1! , and 30% changes in swimming speed between left- and right-handed cell bodies 
would lead to changes in efficiency of a factor of ~1.7, which may be enough to 
play an important role in those bacteria that optimize efficiency and perhaps gain 
a fitness advantage in evolutionary terms. Furthermore, relatively small changes 
in swimming speeds may have large effects on chemotactability [2, 3, 107], which 
could be another way that the effects of body shape could be selected for. 
To summarize, experiments and modeling were performed to answer how much 
of additional propulsion can be added by cell-body shape, obtaining both 
quantitative results for H. pylori as well as a mechanistic, physical understanding 
of the dominant affects of cell-body shape on propulsion. This investigation 
shows that bacteria rotation rates can be determined using readily available 2 D 
microscopy tracking methods with fast time-resolution and high magnification 
(100X) phase contrast microscopy along with a shape analysis program. More 
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specialized 3D tracking microscopes are not essential, although they enable 
observation of longer tracks. The alignment angle of the 2-d image of the cell was 
observed to precess as the cell rotates about an axis aligned at a non-zero angle 
relative to the flagella producing a helical trajectory, i.e. that Helicobacters do 
indeed swim in a corkscrew fashion. However this type of motion is not unique 
to the helical cell; rod-shaped cells also precess as they swim, in agreement with 
previous observations of other bacteria such as E. coli [55] and B. subtilis [85]. The 
images of the helical-shaped bacterium change in shape and those of the rod-
shaped one change in length, further enabling the visualization of rotation of the 
cell-body.  
The rotation of the flagella bundle for a few bacteria in PGM was imaged and 
directly show that the rotation of the cell-body is considerably slower than that of 
the flagella; the body rotation rate was 1/6th of the flagella rotation rate for the 
bacterium swimming in porcine gastric mucin solution at pH 6. As the flagellum 
rotates to provide thrust, the right-handed cell-body counter-rotates in the 
opposite direction so as to produce net zero torque at the flagellar pole. Since the 
direction of the thrust is opposite for right- and left-handed helices rotating in 
the same sense, it has been suggested that the helix of the cell-body is right-
handed rather than left-handed in order to provide additional propulsive thrust 
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in the swimming direction. The sense of rotation of the flagella and cell-body 
reverse on a reversal, implying that during both pushing (forward motion) and 
pulling (backwards motion) the propulsive flagella have the same left-
handedness. Similar run-reverse motion and precession of the cell could also be 
seen for the rod-shaped Δcsd6 mutant, implying that this type of motion is not 
unique to a helical bacteria, rather it is similar to the motion previously observed 
in C. crescentus using a 3D tracking microscope.  
The quantitative measurements of the shape and speed of individual bacteria 
presented here enables direct comparison and validation of theoretical models; 
previous experiments only provided indirect comparisons based on separate 
measurements of shape and speed distributions from a large population of 
bacteria. With the validated model, the effects of varying body helicity, length, 
and diameter, as well as flagellar configuration on swimming speeds and 
trajectories were predicted. Interestingly, due to the relatively slow rotation of 
the cell-body compared to flagella, the results show that the body shape makes a 
small contribution to propulsive thrust -- in agreement with the experimental 
observations -- and swimming speed variations due to body shape are 
dominated by changes in translational drag due to length and diameter 
variations. Since helical cell bodies might be considered the strongest candidate 
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for propulsion due to cell-body, the results imply that quite generally, swimming 
speeds of flagellated bacteria are little affected by body geometry. 
	 
98	
CHAPTER 5: MOTILITY OF BIPOLAR HELICOBACTER SPECIES 
5.1 INTRODUCTION 
In this chapter I investigate how the bipolar flagellated gram-negative stomach 
pathogen Helicobacter suis swims. H. suis has 4-10 sheathed flagella at each end of 
its tightly coiled body [108], instead of a single flagellum at each end as the 
previously studied bipolar bacteria M. magneticum or the monotrichous unipolar 
S. putrefaciens mutant. H. suis infects the gastric epithelial cells of pigs and is 
associated with ulceration of the stomach [109]. However it is the second most 
found Helicobacter in humans suffering from gastric disease, losing only to H. 
pylori. Similarly to H. pylori, H. suis has to get across the protective gastric mucin 
layer of the stomach, a viscoelastic medium that gels at low pH in order to 
establish a colony close to the epithelial cells. Visualization of fluorescently 
labeled flagella by labeling flagellin may be the best way to elucidate the details 
of flagella motion. The easier alternative of labeling flagella by an external dye 
does not work well for Helicobacters because the body and flagella are coated by 
the same cell membrane so the body fluorescence overshadows the flagella 
bundle fluorescence emission. However, because H. suis has a large number of 
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flagella at each pole the bundle is thick enough to be visualized unlabeled with a 
phase-contrast microscope at high magnification and fast frame rate (100X, 100-
200 fps). Recording movies at high magnification and fast frame rates has its 
limitations: it reduces the field of view, therefore the number of recorded 
bacteria; due to movie size limitation it reduces the length of the movie; and due 
to reduced depth of focus it reduces the amount of time a bacterium remains in 
focus. However, in contrast to fluorescent microscopic studies with labeled 
flagella, unlabeled flagella enable visualization of both flagella and cell-body, 
thus providing both the body and flagella rotation rate. 
Using the same single-cell method of analysis of the previous chapter I 
simultaneously measured shape, swimming speed and body rotation rate while 
inspecting the movies to observe the flagella bundles of H. suis swimming in 
Brucella broth (BB10) and 15mg/mL PGM. Similarly to previous findings of M. 
magneticum [63], S. putrefaciens [64] and recent results on P. putida with 
fluorescently labeled flagella presented by M. Hintsche at the March 2017 
American Physical Society meeting [110] I observed that H. suis flagella can 
rotate extended away from the body as well wrapped around the body while 
both conformations can switch interchangeably. Moreover, as observed in M. 
magneticum [63], H. suis swims with the leading flagella bundle rotating wrapped 
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around the body while the lagging flagella bundle is extended behind the cell 
and is able to reverse swimming direction by unwrapping the previously 
wrapped flagella while wrapping the previously extended one; it can also swim 
with only one bundle active at a time, have both bundles extended, and both 
wrapped. However, in the last two modes the bacterium swims at a lower speed 
and with more trajectory reorientations. It is important to note that while Murat 
et al [63] observed fluorescence patterns that were associated to two likely 
configurations, my movies and the data presented by Hintsche et al [110] and 
Kuhn et al [64] capture images of the bundles and the transition event between 
the two flagella configurations. While the wrapped flagella of S. putrefaciens [64] 
only occurred in situations where the bacterium was trapped or at media with 
higher viscosities, H. suis presented wrapped flagella in broth (viscosity similar 
to water) as well as in PGM at pH6 (viscoelastic medium with increased 
viscosity). P. putida [110] and M. magneticum also displayed wrapped flagellum at 
normal viscosity. Moreover the work presented here on H. suis, as well as on P. 
putida by Hintsche et al show that the wrapping mechanism cannot only be 
achieved by single flagellum but also by flagellar bundles composed of 4-10 
flagella. For more details on the method of analysis used here (same as used in 
CHAPTER 4 [84]) see section 3.3.1. In order to infer the effects of configuration of 
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flagella on motility, I performed the same analysis on H. cetorum. However since 
this bacterium has only one flagellum at each end the visualization of flagella 
was not possible under phase-contrast microscopy. 
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5.2 RESULTS 
5.2.1 H. suis swimming modes 
 
Figure 5.1: H. suis flagella dynamics. Arrows point to flagella bundles, E denotes extended and W 
denotes wrapped; the cartoons illustrate the flagella bundle configurations, where flagella 
helicity was chosen at random. (A) Movie recorded at 100X and 100 fps in PGM pH6. The 
bacterium swims with the leading flagella bundle wrapped around body and lagging flagella 
bundle in extended mode in frames 48-52 (track ID 33). To reverse swimming direction the 
bundles switch modes in frames 269-273 (track ID 34). (B) Movie recorded at 100X and 100 fps in 
BB10HCl (track ID 12). The bacterium swims with both bundles in extended position. (C) Movie 
recorded at 100X and 187 fps in PGM pH6. The bacterium swims with both bundles wrapped 
around body. (D) Movie recorded at 100X and 100 fps in BB10HCl. The bacterium swims with 
active wrapped bundle and inactive extended bundle. 
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The experiments were done in BB10 and 15 mg/ml porcine gastric mucin (PGM) 
at pH6. PGM at this concentration corresponds to the non-adherent outer layer of 
mucus and does not exhibit significant non-Newtonian effects at pH6 [4, 92, 93]. 
In order to visualize flagella I recorded the videos at 100-200 fps with 100X 
magnification and focused on imaging individual bacteria in the center of the 
slide, to minimize edge effects [80]. 
The movies show that the flagella tufts of H. suis can assume two different 
configurations while swimming, named extended and wrapped (Figure 5.1). 
Arrows labeled E point to a bundle extended behind the cell, as it is normally 
seen in lophotrichous bacteria such as H. pylori or in peritrichous bacteria such as 
E. coli. Arrows labeled W point to a bundle oriented in the wrapped position: the 
bundle is seen on both sides of the bacterium, indicating it is wrapped around 
the body. Such flagella orientation was inferred before on M. magneticum [63] and 
captured on S. putrefaciens [64] as well as on recent results on P. putida [110]. 
Contrary to findings on S. putrefaciens [64], the wrapped mode is observed in 
PGM and broth indicating that the wrapped mode of H. suis is independent of 
viscosity. Movie S6 supports that the bundle is wrapped around the cell, instead 
of only flipped back and rotating on the side of the body. 
	 
104	
There are three possible combinations of the two bundles positions during 
swimming: extended/wrapped (EW), wrapped/wrapped (WW) or 
extended/extended (EE). I observed all three modes in broth and PGM as shown 
in the examples on Figure 5.1 A-C. I also captured transitions between all different 
modes and transitions where the bacterium reverses the direction of swimming, 
switching the extended bundle to wrapped and the wrapped bundle to extended. 
It is important to note that because this is a bipolar bacterium, I cannot determine 
whether the extended flagella configuration is pushing or pulling the bacterium 
based only on the direction of swim and position of bundle. Figure 5.1 D shows 
consecutive frames of a bacterium swimming with the leading bundle active in 
wrapped mode while the lagging extended bundle rests. Even though the 
extended bundle is not rotating, the bacterium is able to translate with 
swimming orientation parallel to the wrapped bundle. That is a strong indication 
that the wrapped bundle can generate thrust while actively rotating around the 
body, hence contributing to the swimming speed. During this event, which 
lasted 0.17 seconds, the body of the bacterium does not seem to rotate 
significantly and the body maintains a relatively constant alignment angle 
(Movie S7). 
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5.2.2 Transitions between extended and wrapping modes 
 
 
Figure 5.2: Trajectories and body alignment angle of different swimming modes 
of H. suis swimming in BB10. (A), (C) and (E) Trajectories for modes EW, EE and 
WW respectively. The trajectories were randomly distributed over the figure for 
better visualization and do not depict the real position on the movie. (B), (D) and 
(F) Alignment angle of the center-axis of the body with respect to the x-axis of 
the video for EW, EE and WW modes respectively. The alignment angle values 
were translated in the y-axis for better visualization. 
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One bacterium was captured swimming in a micro-channel formed in PGM at 
pH6, where the bacterium swam back and forth (Movie S8). This facilitated 
recording the video in a higher frame rate (343 fps) and for a longer period of 
time (~14 seconds). 
Only one flagella bundle is visible in this bacterium, and due to the background I 
am only able to visualize the transition from extended to wrapped. The movie 
shows one bacterium swimming with the lagging bundle in extended 
configuration while the body rotates (the 2D projection of the 3D helical body 
changes shape when the body rotates, analogous to a travelling sine wave). Right 
before the wrapping event, the flagella slows rotation before coming to a stop 
while the body rotation follows the same trend and the bacterium stops 
translating. During the wrapping event, the flagella tuft remains bundled. After 
the wrapping event the bacterium swims in the opposite direction, flagella rotate 
wrapped around the body and the body reverses direction of rotation. This was 
observed previously by Kuhn et al [64] and could be an indication that the 
flagella mode transition is a dynamic event triggered by a change in direction of 
rotation of the flagella motors, but a more detailed experimental investigation on 
H. suis flagella dynamics has to be conducted to reach a definite conclusion.  
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To gain insight on this conformational change Kuhn et al [64] modeled the 
flagellum as an elastic rod coupled to the fluid through resistive force theory, 
revealing that the change could be triggered by an increase in the external torque 
on the body (due to increased viscosity or a trapped bacterium), which would 
make the flagellum begin to move sideways. After motor reversal, due to the 
flagellum being moved sideways it would start to pull on the bacterium forcing 
the flagellum to wrap around the body. Because the flagellum of H. suis displays 
a wrapped mode after a reversal in body rotation (resulting from a switch in 
motor rotation) in broth as well as PGM at various viscosities, it is likely that the 
external torque applied on H. suis body is always above the torque threshold to 
cause the flagella instability, independently of viscosity. However to confirm 
this, the same model should be implemented for H. suis, or a new model using 
the more precise but more computationally expensive method of regularized 
Stokeslets should be performed.  
I captured 8 transitions that lasted an average time of 131 ± 47 ms, consistent 
with the duration of reversals observed in unipolar bacteria [59]. The transition 
event described here and seen in movie S8 is also seen during flagella bundle 
transitions between wrapped and extended in the other movies that captured a 
transition, such as Movie S9. Even though this transition was also observed in 
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broth, I cannot assume that the transition average time and dynamics in the PGM 
micro-channel represent the transition in bulk PGM or broth [64]. 
 
Figure 5.3: Trajectories and body alignment angle of different swimming modes 
of H. suis swimming in 15 mg/mL PGM at pH6. (A) Trajectories of EW mode. The 
trajectories were randomly distributed over the figure for better visualization 
and dot not depict the real position on the movie. (B) Alignment angle of the 
center axis of the body with respect to the x-axis versus time of EW mode. (C) 
Trajectories of WW mode. (D) Same as (B) for WW mode. The alignment angle 
values were translated in the y-axis for better visualization. There were no runs 
in EE mode for PGM. 
In order to characterize the three swimming modes, I analyzed the movies one 
bacterium at a time, following the method of Constantino et al [84], to measure 
speed, body shape and body rotation rate simultaneously. Among the 28 
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analyzed bacteria swimming in BB10, 14 have flagella mode undetermined 
because one or both flagella bundles were not visible. Among the other half, 4 
bacteria changed modes during the swim while the other 10 swam in only one 
mode. Among the 19 bacteria swimming in PGM, 8 have flagella mode 
undetermined. Among the remaining, 3 changed modes while the other 8 swam 
in only one mode. For trajectories where the bacterium changed modes, they 
were segmented manually into runs of the same mode. Some continuous runs in 
the same mode had to be segmented because the bacterium got out of focus 
during the movie. Because H. suis is a long bacterium, part of its body gets out of 
focus during the movies. That causes the apparent body length to change 
between frames and consequently adds an error to the tracked position. 
I captured 10 runs in EW mode, 4 runs in EE mode and 5 runs in WW mode in 
BB10; and 16 runs in EW mode, no runs in EE mode and 3 runs in WW mode in 
PGM. Figure 5.2 and Figure 5.3 show the trajectories and the alignment angle of 
the body with respect to the x-axis for each run, separated by swimming mode, 
for BB10 and PGM respectively.  
Extended/wrapped runs. While swimming in EW mode, H. suis performed 
helical trajectories that can be straight or curved (Figure 5.2 A and Figure 5.3 A), 
with swimming orientation parallel to the extended bundle. Among the 26 
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observed occurrences of bacteria swimming as EW, all bacteria swam with the 
leading flagella bundle in wrapped position and the lagging flagella bundle in 
extended position. The alignment angle (Figure 5.2 B and Figure 5.3 B) oscillates 
over time, consistent with the helical trajectories and with previous observations 
in H. pylori [84], due to a flagella bundle with fixed orientation relative to the cell-
body. Hence, the alignment angle provides an estimate of the body rotation rate 
for EW mode. 
Wrapped/wrapped and extended/extended modes. Both EE (Figure 5.2 C) and 
WW (Figure 5.2 E and Figure 5.3 C) trajectories have more reorientations than the 
EW trajectories. Parallel and perpendicular swimming orientation with respect to 
the flagella bundles were observed. The alignment angle (Figure 5.2 D, F and 
Figure 5.3 D) shows oscillations over time but with an added fast frequency 
noise. The alignment angle is consistent with the trajectories reorientations, 
however careful inspection of the movies shows no correlation between the 
alignment angle oscillations and body rotation. In some instances the bacterium 
body does not appear to rotate while in EE and WW modes (Movies S9 and S10), 
which can be an indication that the bundle in extended mode rotates one way, 
while the wrapped mode rotates the opposite way. In that case, bundles of a 
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bacterium swimming in WW mode or EE mode (where the two bundles are 
parallel) will not produce trust in the same direction, hindering the motion. 
Figure 5.4 A shows the mean square displacement (MSD 𝑡 = 𝑟 𝑡 − 𝑟(0) ) for 
each trajectory in BB10 and PGM. It is clear that bacteria swimming in EW mode 
travel longer distances than EE and WW. The MSD follows a power law time 
dependence MSD 𝑡 = 𝐴 𝑡! , where 𝐴 = 2𝑑𝐷 is a proportionality constant, 𝑑 is 
 
Figure 5.4: Mean square displacement (MSD) and α for each mode. (A) MSD vs 
delay of each trajectory. The green lines are the MSD of EW mode trajectories, 
maroon lines are the MSD of EE mode trajectories and blue are the MSD of WW 
mode trajectories. The trajectories in BB10 and PGM were plotted together. (B) 
Dot plot of α-values for each trajectory separated by mode and medium. The 
central horizontal lines are the mean values and the vertical bars are the standard 
deviation values. 
the dimension of the trajectories and 𝐷 is the diffusion constant [92, 111]. For 
diffusive particles, 𝛼 = 1 ; for sub-diffusive particles, 𝛼 < 1 ; and for super-
diffusive particles 𝛼 > 1. Ballistic motion at constant speed would correspond to 
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𝛼 = 2. Self-propelling particles exhibiting runs and re-orientations, which is the 
case of flagellated bacteria will show a super-diffusive behavior. I fitted the first 
50% of each MSD to a power law and obtained their individual values of 𝛼, 
shown in Figure 5.4 B and Table 5.1. For EW trajectories in BB10 and PGM, 𝛼~2, 
indicating that bacteria swimming in EW mode exhibit a ballistic motion, with 
constant speed. On the other hand, EE and WW modes have a smaller 𝛼, but still 
super-diffusive, indicating that the motion is self propelled but not ballistic, 
consistent with the trajectory reorientations. 
Table 5.1: Speed, frequency and shape parameters for all runs of H. suis. 
Run  Media Mode α V (µm/s) Ω (Hz) V/ Ω (µm) L* 
(µm) 
d* 
(µm) 
N 
(µm) 
P* 
(µm) 
1 BB10 EW 1.99 30 ± 5 36 ± 11 0.8 ± 0.3 6.3 0.9 5 1.3 
2 BB10 EW 1.93 18 ± 4 31 ± 12 0.6 ± 0.3 5.5 0.7 4 1.4 
3 BB10 EW 1.99 18 ± 3 29 ± 7 0.6 ± 0.2 6.1 0.8 4 1.5 
4 BB10 EW 1.77 13 ± 4 33 ± 9 0.4 ± 0.2 6.4 0.8 5 1.3 
5 BB10 EW 1.92 32 ± 5 82 ± 17 0.4 ± 0.2 5.1 0.8 4 1.3 
6 BB10 EW 2.02 33 ± 12 92 ± 17 0.4 ± 0.2 6.0 0.8 5 1.2 
7 BB10 EW 1.86 22 ± 8 38 ± 8 0.7 ± 0.3 7.4 0.8 6 1.2 
8 BB10 EW 1.96 21 ± 3 29 ± 7 0.7 ± 0.3 6.8 0.8 5 1.4 
9 BB10 EW 2.01 22 ± 2 40 ± 11 0.6 ± 0.2 8.0 0.8 7 1.1 
10 BB10 EW 1.98 13 ± 8 33 ± 14 0.7 ± 0.5 10.2 0.8 9 1.1 
11 BB10 EE 1.77 6 ± 2 18 ± 2 0.3 ± 0.1 5.5 0.7 6 0.9 
12 BB10 EE 1.43 6.9 ± 0.8 42 ± 12 0.2 ± 0.1 6.1 0.8 6 1.0 
13 BB10 EE 1.81 7 ± 5 41 ± 12 0.2 ± 0.1 6.1 0.8 6 1.0 
14 BB10 EE 1.12 11 ± 6 38 ± 11 0.3 ± 0.2 7.0 0.7 8 0.9 
15 BB10 WW 2.01 8 ± 4 30 ± 11 0.3 ± 0.2 6.1 0.8 6 1.0 
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16 BB10 WW 1.64 7 ± 3 32 ± 7 0.2 ± 0.1 6.4 0.8 6 1.1 
17 BB10 WW 1.63 5 ± 2 43 ± 11 0.1 ± 0.1 8.0 0.8 8 1.0 
18 BB10 WW 1.38 4 ± 3 4 ± 2 1.0 ± 0.9 8.2 0.8 8 1.0 
19 BB10 WW 1.28 3 ± 2 20 ± 6 0.2 ± 0.1 6.7 0.9 6 1.1 
20 PGM EW 1.90 13 ± 4 63 ± 8 0.2 ± 0.1 5.0 0.7 4 1.3 
21 PGM EW 1.98 16 ± 3 19 ± 2 0.8 ± 0.2 5.0 0.6 4 1.3 
22 PGM EW 1.91 19 ± 3 36 ± 13 0.5 ± 0.2 5.0 0.6 4 1.3 
23 PGM EW 2.02 19 ± 2 33 ± 13 0.6 ± 0.3 5.0 0.6 4 1.3 
24 PGM EW 2.01 32 ± 11 78 ± 19 0.4 ± 0.2 5.8 0.7 4 1.5 
25 PGM EW 2.02 27 ± 5 56 ± 10 0.5 ± 0.1 6.4 0.7 5 1.3 
26 PGM EW 1.96 20 ± 3 52 ± 10 0.4 ± 0.1 6.5 0.7 5 1.3 
27 PGM EW 1.99 36 ± 3 45 ± 9 0.8 ± 0.2 6.5 0.7 5 1.3 
28 PGM EW 1.90 34 ± 7 32 ± 13 1.1 ± 0.4 6.5 0.7 6 1.1 
29 PGM EW 1.72 16 ± 13 48 ± 8 0.3 ± 0.7 6.5 0.6 6 1.1 
30 PGM EW 1.89 25 ± 4 43 ± 6 0.6 ± 0.1 6.5 0.6 6 1.1 
31 PGM EW 2.05 29 ± 12 72 ± 21 0.4 ± 0.2 7.0 0.7 6 1.2 
32 PGM EW 1.95 24 ± 3 68 ± 12 0.4 ± 0.1 7.0 0.7 6 1.2 
33 PGM EW 2.01 14 ± 3 47 ± 7 0.3 ± 0.1 8.0 0.7 6 1.3 
34 PGM EW 1.86 11 ± 5 41 ± 10 0.3 ± 0.2 8.0 0.7 6 1.3 
35 PGM EW 1.93 22 ± 4 32 ± 8 0.7 ± 0.2 8.2 0.6 8 1.0 
36 PGM WW 1.80 8 ± 5 43 ± 10 0.2 ± 0.1 7.4 0.5 8 0.9 
37 PGM WW 1.90 11 ± 3 33† 0.33 ± 0.09 7.4 0.5 8 0.9 
38 PGM WW 1.45 8 ± 5 70 ± 21 0.11 ± 0.08 6.5 0.6 7 0.9 
* The uncertainty in the measurement is 0.1 µm, given by 2 𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒 . 
† The standard deviation is zero because all measurements of body rotation are 
the same. 
5.2.3 Speed and body rotation rate 
Figure 5.5 A shows the speed (calculated as the average of the instantaneous 
speeds) of each run for the different swimming modes in BB10 and PGM. There 
were no observations of EE mode in PGM. Figure 5.5 A and Table 5.2 clearly 
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show that regardless of media, EW mode has faster speeds than EE and WW. 
This is another indication that the extended bundle can be pushing and the 
wrapped bundle pulling, hence rotating in opposite directions and producing 
thrust in the same direction. Moreover, the decreased speeds in EE and WW 
modes can be interpreted as bundles rotating in the same direction, hence 
providing thrust in opposite directions. 
 
Figure 5.5: Speed (V), alignment angle frequency (Ω) and V/Ω for the swimming 
modes of H. suis in BB10 and PGM. Green symbols correspond to EW mode, 
maroon to EE and blue to WW. Closed circles correspond to BB10 and open 
symbols to PGM. The horizontal lines indicate the mean while the vertical lines 
are the standard deviation. (A) Speed of each run separated by mode and media. 
Each point was calculated as an average of the instantaneous speeds during the 
individual run. (B) Alignment angle frequency separated by mode and media. 
Each point was calculated as the average of the frequencies for each run. (C). V/Ω 
separated by mode and media. Each point is calculated as the average speed of 
one run divided by the average rotation rate of the same run. 
Figure 5.5 B shows the frequency of alignment angle of each run for the different 
swimming modes in BB10 and PGM, calculated by measuring the period 
between two consecutive peaks in the alignment angle [84]. For EW mode, I 
BB10 BB10 BB10PGM PGM PGM
A B C
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assume that the flagella bundle in extended mode has a fixed orientation relative 
to the cell-body, so when the body counter-rotates, the body alignment angle 
with respect to the x-axis oscillates with the same period as the body rotation, 
similar to H. pylori. Careful inspection of the movies confirms the alignment 
angle period of EW mode matches the body period of rotation. The body rotation 
rate cannot be determined by the shape method [84], because the H. suis body 
has a small pitch that was not detected by CellTool. When swimming in EE or 
WW mode, the alignment angle method does not capture body rotation rate, the 
variation in alignment angle arises from the bacterium reorienting itself. Figure 
5.5 B also shows that the body rotation rate in EW mode increases in PGM, 
indicating that the flagella motors rotate faster in PGM. Figure 5.5 C shows the 
parameter V/Ω, a measurement of the travelled speed per body rotation, and it is 
only meaningful for the EW mode, as discussed above. V/Ω is the same for BB10 
and PGM, which is an indication that the travelled distance per rotation does not 
depend on the medium. This is in agreement with Resistive Force Theory [90] 
and Regularized Stokeslet [74, 75] models for low Reynolds number swimmers in 
Newtonian fluids, which states that V/Ω depends on the bacterium geometry. 
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Table 5.2: Speed, body rotation rate and V/ Ω of H. suis swimming in BB10 and 
PGM for different modes. 
Media Mode V (µm/s) Ω (Hz) V/ Ω (µm) 
BB10 EW 23 ± 7 45 ± 24 0.6 ± 0.2 
BB10 EE 10 ± 2 33 ± 14 0.4 ± 0.2 
BB10 WW 7 ± 2 36 ± 9 0.21 ± 0.05 
PGM EW 23 ± 8 48 ± 16 0.5 ± 0.2 
PGM EE - - - 
PGM WW 9 ± 2 45 ± 22 0.2 ± 0.1 
 
5.2.4 Motility of H. suis 
To analyze the speed distributions of large population of H. suis bacteria I 
recorded videos at 40X magnification and 33 fps, which provides a larger field of 
view to image a larger sample of bacteria and enough time to capture longer 
trajectories. In this experiment and analysis I do not look at single bacteria 
movies, hence I do not classify the trajectories by visually determining the 
flagella configuration. The movies were tracked with software 
PolyParticleTracker [86] and their trajectories were segmented into runs by 
identifying reorientation events based on the methods of Theves et al [59] and 
Son et al [34], explained in CHAPTER 3 section 3.3.2.2. 
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After segmentation, I fit a power law equation to the MSD, MSD 𝑡 = 𝐴 𝑡!, and 
exclude tracks with 𝛼 < 1.2 to eliminate immobile bacteria [93]. In order to 
characterize the motility of the population swimming in broth and PGM, I 
analyzed two quantities: the mean speed during a run (vrun), calculated as the 
average of the instantaneous speed during the run; and the turn angle after a 
reorientation event (θre). Figure 5.6 shows the histogram of these quantities for 
over thousands of trajectories of bacteria for both media and Table 5.3 shows the 
mean, standard deviation, median and mode of vrun.how to stop line on figure 
 
Figure 5.6: Distribution of vrun and θre of H. suis swimming in BB10 at pH6 (blue) 
and PGM at pH6 (red). (A) Smooth histogram of average speed of individual 
runs, with 2 µm/s bin size. (B) Smooth histogram of the reorientation angles 
during runs, with 15o bin size. 
The histograms of vrun are very similar for both media, I did not find significant 
differences in the mean or median of the distribution. However the probability of 
vrun in PGM is higher at faster speeds; e.g. 31% of bacterial run speeds are higher 
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than 14 µm/s in PGM as compared to 19% in BB10. The results suggest that H. 
suis swims faster in 15mg/mL PGM at pH6, a similar result is found for H. pylori, 
[4]. 
The distribution of reorientation angles in BB10 shows a high, narrow primary 
peak at low angles accompanied by a broad distribution at high turn angles 
indicating the presence of a secondary peak. The most preferred turning angle 
for the primary peak is centered at 6 o; indicating that the direction of motion 
before and after the reorientation event has a small change. I believe this class of 
events can occur when the bacterium changes from EW mode to EE or WW, or 
when there is a rapid speed change in the trajectory. The broad secondary peak is 
indicative of reversal events with turn angles ranging around 100 -180 o, where 
the bacterium still swims in EW mode but switches the extended flagella to 
wrapped and vice-versa. A similar angle distribution has been seen in the 
unipolar soil bacteria P. putida [60]. 
The preferred turning angle in PGM is shifted to 20o, the probability density 
decreases until 90 o and remains relatively constant until 180o, while the 
percentage of reversals (θre > 105o) in BB10 is 28%, in PGM it decreases to 23%. 
This result agrees with previous observations that the percentage of reversals 
decreases in H. pylori swimming in PGM relative to BB10 [4]. 
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Table 5.3: Mean, standard deviation, median and mode of the mean run speeds 
(vrun) and reorientation angle (θre) of H. suis swimming in BB10 and PGM. 
 
Media Mean 
Standard 
Deviation 
Median Mode 
vrun 
(µm/s) 
BB10pH6 10 5 9 7 
PGMpH6 12 7 10 7 
θre ( o) 
BB10pH6 69 54 52 6 
PGMpH6 65 50 50 20 
 
5.2.5 Helicobacter cetorum, another bipolar bacterium 
 
Figure 5.7: Trajectory, alignment angle, MSD and α for H. cetorum swimming in broth. (A) 
Trajectories of individual runs. The trajectories were randomly distributed over the figure for 
better visualization and dot not depict the real position on the movie. (B) Alignment angle of the 
center axis of the body with respect to the x-axis versus time. The alignment angle values were 
translated in the y-axis for better visualization. (C) MSD vs delay of each trajectory. (D) Dot plot 
of α-values for each trajectory. The central horizontal line is the mean value and the vertical bar is 
the standard deviation. 
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H. cetorum is a fusiform bacterium with bipolar monotrichous flagella [112]. I 
imaged H. cetorum in BB10 at 100X and 100 fps and performed similar analysis 
described earlier, however I am not able to observe flagella because its single 
flagella is very thin. Figure 5.7 A and B show the trajectory and alignment angle of 
H. cetorum. The helical trajectories resemble those of H. pylori and H. suis in EW 
mode, however the periods of the alignment angle are longer. Figure 5.7 C and D 
show the MSD and alpha for the trajectories in Figure 5.7 A. The MSD of H. 
cetorum are larger than that of H. suis but have similar values of α for EW mode, 
indicating a ballistic motion. I do not observe much reorientation over these 
tracks. 
Table 5.4: Speed, frequency and shape parameters for all runs of H. cetorum. 
Run Media α V (µm/s) Ω (Hz) V/ Ω (µm) L* (µm) d* (µm) 
1 BB10 2.01 30 ± 5 17† 1.8 2.7 0.7 
2 BB10 2.01 59 ± 11 20† 2.9 2.5 0.9 
3 BB10 2.00 41 ± 5 27 ± 12 1.5 2.5 0.8 
4 BB10 2.01 47 ± 3 23 ± 4 2.1 2.3 0.8 
5 BB10 1.98 52 ± 4 24 ± 3 2.2 2.3 0.7 
6 BB10 2.05 27 ± 11 14 ± 1 2.0 2.8 0.7 
7 BB10 2.02 21 ± 3 18 ± 7 1.2 4.1 0.8 
* The uncertainty in the measurement is 0.1 µm, given by 2 𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒 . 
† The error in Ω is not defined because there is only one body revolution during 
the trajectory. 
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Figure 5.8 shows all the measured parameters for H. cetorum, H. suis and H. pylori 
and Table 5.5 shows the population average. The H. pylori data was obtained 
from Constantino et al 2016 [84]. For this comparison I utilized the H. suis data 
swimming in EW configuration because that corresponds to an optimum run. H. 
cetorum has the fastest speed (Figure 5.8 A) even though H. suis has the fastest 
 
Figure 5.8: Dot plots of the measured motility and shape parameters for H. pylori 
in blue (HP), H. suis in green (HS) and H. cetorum in orange (HC) swimming in 
BB10. The horizontal lines indicate the mean while the vertical lines are the 
standard deviation. (A) Average speed for each run. (B) Body rotation rate for 
each run. (C) Travelled distance per revolution, V/Ω, for each run. (D) Body 
length of each bacterium. (E) Body thickness diameter of each bacterium. (F) 
Body pitch of each bacterium. H. cetorum is fusiform, hence it does not have body 
pitch. The H. pylori data presented here is the same studied presented in 
Constantino et al [84]. The H. suis data plotted here correspond to the EW 
configuration. 
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body rotation rate (Figure 5.8 B). This is consistent with H. suis having largest 
number of flagella and consequently the largest number of motors among all 
three, leading to fastest body rotation rate. The ratio V/Ω (Figure 5.8 C) is likely 
to be independent of number of flagella. Even though it has a larger number of 
motors, H. suis is much longer (Figure 5.8 D) than the other two and has a 
smaller pitch than H. pylori. The RSM calculations in CHAPTER 4 for H. pylori 
showed that for constant flagella bundle rotation rate swimming speed decreases 
with increased body length and with decreased body pitch. Comparing H. pylori 
with H. suis I note that H. suis is almost 3 times longer and has about 60% smaller 
pitch. Both of these factors would lead to a decrease in V/Ω consistent with the 
observed result (Table 5.5). The ratio V/Ω (Figure 5.8 C) also gives a 
measurement of the average distance travelled during one complete body 
revolution. Compared to H. pylori, H. cetorum clearly travels a larger distance per 
rotation while H. suis travels a smaller distance. There is no significant difference 
between the three species body diameter (Figure 5.8 E). When compared to H. 
pylori, H. cetorum is a little longer, has smaller number of flagella and it does not 
have a helical body to confer a swimming advantage due to body rotation rate. 
All those characteristics would lead to a decrease in swimming speed and body 
rotation rate, however H. cetorum is faster than H. pylori. That could be an 
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indication that the bipolar flagella confer some swimming speed advantage. It is 
possible that H. cetorum could be swimming with both flagella extended, one 
acting as a pusher and the other as a puller, thereby coordinating to give a large 
speed. At the moment there are very few publications on H. cetorum and H. suis, 
so very little is known about their flagella, motors and morphology, making it 
hard to understand these results. RSM modeling could help elucidate these 
questions. 
Table 5.5: Speed, body rotation rate and shape parameters of the population of H. 
pylori, H. suis and H. cetorum in PGM and broth. The H. suis data is for the EW 
case (repeated from Table 5.2) as it is only that mode that I can determine runs 
clearly. 
  V (µm/s) Ω (Hz) V/ Ω (µm) L (µm) d (µm) P (µm) 
BB10 HP 17 ± 12 15 ± 12 1.2 ± 0.2 2.29 ± 0.08 0.7 ± 0.1 2.21 ± 0.09 
BB10 HS 23 ± 7 45 ± 24 0.6 ± 0.2 7 ± 1 0.79 ± 0.05 1.3 ± 0.1 
BB10 HC 39 ± 14 20 ± 4 1.9 ± 0.6 2.8 ± 0.6 0.77 ± 0.07 - 
PGM HP 13.0 ± 3 12 ± 6  1.2 ± 0.5 2.4 ± 0.3 0.81 ± 0.04 2.3 ± 0.4 
PGM HS 23 ± 8 48 ± 16 0.5 ± 0.2 6 ± 1 0.66 ± 0.05 1.2 ± 0.1 
 
In previous RSM modeling for H. pylori I had shown that for constant flagella 
rotation rate the speed decreases with increasing length. Approximating a 1/L 
dependence, the ratio 𝑉 𝐿 Ω is almost independent of number of flagella and 
length, hence it reflects the dependence of speed primarily on pitch. Figure 5.9 
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shows the ratio 𝑉 𝐿 Ω for all 3 modes of H. suis compared to H. pylori and H. 
cetorum. Based on the RSM calculations for H. pylori in CHAPTER 4 [84] I would 
have predicted that the ratio 𝑉 𝐿 Ω would be the least for H. suis because it has 
the smallest pitch (𝑝 𝐿 < 1), and largest for H. cetorum because it has a very large 
pitch (𝑝 𝐿 ≫ 1). While I observe the largest value for H. cetorum as expected, I 
find that for H. suis this ratio depends on the mode. For the EE and WW modes it 
is less than the value for H. pylori; however for the EW mode this ratio is slightly 
larger for H. suis than H. pylori. I suggest that the mode dependent ratio reflects 
the effect of increase in speed due to the bipolarity and effect of wrapping of the 
flagella. Nevertheless RSM modeling for bipolar bacteria are needed for 
comparing the different modes to draw firm conclusions because extended 
versus wrapped flagella are likely to have inherently different hydrodynamics.  
 
Figure 5.9: Comparison of the ratio VL/Ω for the three different flagella modes of 
H. suis with H. pylori and H. cetorum. As expected the ratio is highest for H. 
cetorum because of its very large pitch, whereas for H. suis the ratio depends on 
flagella mode. 
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5.3 CONCLUSION 
I was able to visualize the thick flagella bundles of the bipolar bacterium H. suis 
by using phase contrast microscopy and track its motion. This study shows that, 
regardless of media, the flagella bundles of H. suis can assume one of two 
configurations interchangeably: extended away from the body, such as a normal 
pusher/puller bacteria, corresponding to the tuft pattern observed by Murat et al 
[63]; and wrapped, where the flagella bundle almost reverses its orientation to be 
close to the body and rotates wrapped around the body, corresponding to the 
parachute pattern observed by Murat et al [63]. H. suis predominantly swims 
with the lagging flagella extended behind the body and the leading flagella 
wrapped around the body (EW mode). During a smaller fraction of the runs, H. 
suis swims with both bundles extended away from the body (EE mode) or 
wrapped around the body (WW mode), however when swimming in these 
modes the bacterium speed is much reduced and the trajectories have many 
more reorientations, suggesting that in the EE case the two flagella are both 
acting as pushers and thus negating each other’s action. The WW mode could 
correspond to both flagella acting as pullers. The trajectories in the EW mode are 
almost linear, whereas in the WW and EE modes the bacteria travel lesser 
distances and display trajectories that show characteristics in between a ballistic 
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and a random-walk motion. The motility analysis of H. suis in PGM shows that it 
swims faster in mucin than in broth, in agreement to previous H. pylori studies. I 
also analyzed reorientation and run speed distributions and found that H. suis 
exhibits fewer reversals than H. pylori in broth. Instead, H. suis has a small 0-6o 
preferred turning angle in broth and about 20o in PGM with a relatively constant 
probability for large angle turns above 100o. Reversals decrease in PGM for both 
H. suis and H. pylori. When comparing the unipolar lophotrichous H. pylori to the 
bipolar Helicobacters, H. suis (bipolar lophotrichous) and H. cetorum (bipolar 
monotrichous), I found that H. cetorum is the fastest swimmer while H. suis has a 
faster body rotation. 
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CHAPTER 6: EFFECTS OF pH ON MOTILITY OF HELICOBACTER SUIS 
6.1 INTRODUCTION 
In this chapter I present a detailed study of how changes in external pH affects 
the motility of bipolar Helicobacter suis swimming in broth and 15mg/ml porcine 
gastric mucin (PGM). The external pH ranging from 2 to 7 is achieved by adding 
appropriate amounts of phosphate/succinate buffer at the desired pH to the 
medium. Using single-cell high-magnification (100X) and fast frame rate (100-334 
fps) phase-contrast microscopy I image Helicobacter suis to measure translational 
and rotational speeds as well as flagella swimming modes of several individual 
bacteria. To gain insight on speed distribution and swimming strategy of H. suis I 
image a large number of bacteria using phase contrast microscopy at 40X 
magnification and 33 fps. Finally using particle tracking microrheology I study 
the viscoelasticity of PGM at pH 2-7. The analysis methods and sample 
preparation are explained in detail in CHAPTER 3. 
Overall this work shows that while a change in external pH of broth has a small 
effect in the motility of H. suis, the same change in PGM has a large effect in 
motility revealing that in the absence of urea the bacterium cannot swim in PGM 
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at pH lower than 4 likely due to gelation of mucin, while it gains a swimming 
advantage at pH 5 and 6. Additionally I found that the swimming modes and 
swimming strategy of H. suis are not affected by media or pH. 
6.2 RESULTS 
6.2.1 Microrheology of PGM 
In order to probe the effects of pH on the viscoelastic properties of PGM I used 
particle-tracking microrheology at 33 fps and 100fps with 1 µm diameter 
polystyrene beads, a method that has been previously applied by many studies 
to examine the micro-rheological properties of mucin [4, 19, 92, 113]. This 
technique probes the Brownian motion of micro-sized spherical beads to obtain 
their mean squared displacement (MSD) over time. See CHAPTER 3, sections 3.1 
and 3.3.3 for sample preparation and analysis.  
Figure 6.1 A and D show the averaged MSD ( 𝑟!(𝑡) ) of 1 µm polystyrene beads 
in PGM at various pHs at 33 fps and 100 fps respectively. The time dependence 
of MSD with time is described by MSD 𝑡 = A𝑡! , where particles experience 
Brownian diffusion in a purely viscous fluid, such as water, with exponent 𝛼 = 1 
and sub-diffusive behavior in viscoelastic materials, such as mucin, with 
exponent 0 < 𝛼 < 1.  
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Figure 6.1: Microrheology of PGM at various pHs. (A) Delay vs MSD of PGM at 
pH 2-7 and of H!O at 33 fps. (B) Bar graph of 𝛼 distribution calculated as the 
average 𝛼 of all beads at 33 fps; the error bars are the 95% confidence bounds of 
fit. (C) Viscosity of PGM vs pH at 33 fps; the error bars are the 95% confidence 
bounds of fit. (D), (E), and (F), are same as (A) (B), and (C) but recorded at 
100fps. The top axis is the measured pH of test samples composed of 10% buffer, 
10% BB10 and 80% PGM. 
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Table 6.1: Measured values of 𝛼 and viscosity, 𝜂, from Delay vs MSD for PGM at 
pH 2-7 and of H!O. The pH in parenthesis is the measured pH of solutions 
composed of 80% H!O, 10% buffer and 10% BB10. 
  𝜶  𝜼 (cP) 
     MSD fit G′′(ω = 1Hz) 
  33 fps 100 fps 33 fps 100 fps 33 fps 100 fps 
PGM 
pH 2 
(3.7) 
0.615± 0.08 0.579± 0.003 157± 2 148± 1 210.6 146.7 
pH 3 
(4.0) 
0.644± 0.009 0.616± 0.005 110± 1 109± 1 152.3 115.4 
pH 4 
(4.6) 
0.75± 0.02 0.6628± 0.0009 86± 2 93.6± 0.2 95.9 103.0 
pH 5 
(5.4) 
0.88± 0.02 0.72± 0.1 48± 1 82.2± 2 44.4 67.6 
pH 6 
(6.1) 
0.87± 0.02 0.715± 0.009 46± 1 72± 1 43.6 66.7 
pH 7 
(6.7) 
0.768± 0.004 0.80± 0.02 54.1± 0.3 48± 2 59.5 24.3 𝐇𝟐𝐎  1.000± 0.001 1.012± 0.004 0.995± 0.002 0.962± 0.009 1.0 0.9 
 
In 2-dimensional systems, as is the case of the probed particles with 2D phase-
contrast microscope, A = 4D, where 𝐷 is the diffusion constant which can be 
related to the viscosity, 𝜂, of the surrounding medium. The relationship between 
viscosity and diffusion for spherical particles is given by 𝜂 = !!! !!"# , where 𝑘! is 
the Boltzmann constant, 𝑇 is the temperature and 𝑅 is the radius of the particle. 
Figure 6.1 B and E show the average distribution of exponents of the MSD for 
each sample and Figure 6.1 C and F show the viscosity of PGM vs pH for 22 fps 
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and 100 fps respectively. The exponent 𝛼 and the viscosity and were obtained by 
linear fitting the first 10 % of log of the average MSD vs delay (see section 3.3.3 
for details of these measurements). Table 6.1 shows the measured values of the 
exponent 𝛼  and viscosity. Even though there are discrepancies in the 
measurements of these two quantities at 33 fps and 100 fps and especially at 
pH7, when one considers the pH 2-6 range there is an indication that 𝛼 reaches a 
maximum at pH5 while the viscosity is minimized at pH5 and 6. This is 
consistent with the fact that H. suis prefers pH5. 
It has been previously shown [4] that although the MSD of non-motile bacteria 
have smaller values than that of beads (their larger size and anisotropic shape 
increases drag), both experience Brownian diffusion in purely viscous fluids and 
a similar environment in viscoelastic media. Hence it is expected that bacteria 
experience the same environment. Even though the method of PGM preparation 
was exactly the same as the one used in CHAPTER 4 and in [4], the samples look 
very different. The lyophilized PGM used in this chapter came from different 
tubes but was obtained from the same batch as the one used in CHAPTER 4 and 
in [4]. The reason for this difference is unknown, however it is clear that the PGM 
used here did not hydrate completely even after it was left hydrating for more 
than a week or after grinding it. For this reason the PGM samples were not 
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equilibrated, producing anisotropic drag in beads localized in different regions 
of the sample. This leads a super-diffusive behavior 𝛼 > 1 in the long-time (low 
frequency) of the measured MSD (see Figure 6.1 A and D). This effect is 
enhanced as pH is increased, since the effective diffusion constant increases for 
higher pHs. Interestingly, in Figure 6.1 A, 33 fps the MSD of PGM at pH 7 does 
not show super-diffusive behavior, likely due to collecting the movie in a sample 
domain that was equilibrated. De-drifting methods can be used to correct for 
drift when it is spatially uniform, and even in these cases, it is not recommended 
because it introduces uncertainty in the position of the particles, altering the 
measured viscoelasticity of the medium [114]. 
As expected, particles experience Brownian diffusion in water, 𝛼!!! = 1.0 with 
viscosity similar to the accepted value at T = 22℃ . The viscosity of PGM 
increases at lower pHs and the exponent 𝛼  decreases at lower pHs, which 
indicates that the degree of viscoelasticity of PGM is increased under acidic 
conditions. Although previous microrheology experiments of PGM at pH 7 [92], 
and pH 6 [4] do not show a viscoelastic behavior at 15 mg/ml and report a 
smaller viscosity, the PGM utilized by Georgiades et al was collected from the 
stomach and small intestine (which contains a different mucin, MUC2) of pigs 
and the bead size was half on the one used here. Moreover, Martinez et al PGM 
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did not show a visible heterogeneity in the samples. Those differences can 
explain the discrepancies when comparing with our results. 
 
Figure 6.2: Viscoelastic moduli of PGM at various pHs for the movies collected at 33 fps. (A) G′(ω) of PGM at pH 2-7. (B) G′′(ω) of PGM at pH 2-7 and of H!O for reference. G′(ω) of H!O is 
zero because it is a purely viscous fluid. (A) G′(ω) and G′′(ω) of PGM at pH 2, 4 and 5. 
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Figure 6.2 shows the viscoelastic moduli for the probed frequencies for 33fps. 
Although the elastic modulus (G′) and the viscous modulus (G′′) increase with 
increasing acidity in accordance with previous observations [17, 19], the viscous 
modulus is dominant over the elastic modulus over the range of probed 
frequencies and pHs so a sol-gel transition was not observed at these frequencies 
and particle size. Gelation is time- and length-dependent; note that the viscous 
and elastic moduli at acidic pHs are converging at high frequencies and that the 
difference between the two moduli is smaller for PGM at pH2. This indicates that 
1 µm beads will only experience a gel environment at higher frequencies. Larger 
particles and bulk rheology may show gelation [19].  
The viscoelastic moduli are obtained with the Generalized Stokes-Einstein 
Relation [115] (see section 3.3.3) which employs the Fourier Transform of MSD. 
Since the MSD is obtained over a finite time range, the viscoelastic moduli will 
display large uncertainties at high and low frequencies due to time-truncation 
and any curvature in the MSD will generate large errors, for this reason it is 
recommended to exclude a decade of frequency in the end of the moduli curves. 
Hence, the large curvatures observed in Figure 6.2 should not be taken to be real 
effects of viscoelasticity of PGM [114]. 
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6.3 EFFECTS OF pH ON SWIMMING SPEED AND BODY ROTATION 
RATE 
 
Figure 6.3: V, Ω and V Ω for of EW swimming mode in PGM and BB10 at various 
pHs. Buffer pHs are shown on the bottom and measured pHs are shown on top. 
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Following with the same method of CHAPTER 5, movies recorded at 100X 
magnification and 100 fps of H. suis swimming in BB10 and PGM at various pHs 
were inspected to determine if the bacteria were swimming at EW, EE or WW 
modes. Similarly to the previous observations of CHAPTER 5, H. suis swims 
predominantly in EW mode and has slower speeds in EE or WW modes, 
independently of pH or media. 
Figure 6.3 shows a dot plot of speed V, body rotation rate Ω and V Ω for all 
bacteria captured swimming in the predominant mode EW. In this study, I was 
not able to capture any bacteria translating or rotating in BB10 pH 7 even though 
those have been observed directly with the microscope, and only one bacterium 
was captured swimming in BB10 pH2. At this low pH the movies showed a 
small concentration of intact bacteria and a high concentration of small particles, 
which probably correspond to bacteria that were broken apart due to the non-
acidophilic nature of the cell membrane of Helicobacters [116]. No bacteria were 
observed translating or rotating in PGM at pH2. Initially, structures that appear 
to be flagella were seen detached from the body of bacteria, probably caused by 
mixing during sample preparation. Although that was avoided in later 
experiments by mixing the samples for less time and less vigorously, still no 
bacteria were observed swimming in PGM pH 2. 
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Figure 6.4: Snapshots 15 frames apart recorded at 100X magnification and 334 fps 
of single H. suis in PGM at pH 4. Scale bar, 2 µm. 
On the other hand, in PGM at pH 4 bacteria was seen rotating while stuck (see 
Figure 6.4), in accordance with previous observations on H. pylori [21] that 
showed that the bacterium gets stuck in PGM pH 4 due to gelation at pH lower 
than 4. The measured speed of PGM at pH 4 reported in Table 6.2 is non-zero 
due to the bacterium getting in and out of focus while rotating; after careful 
movie inspection it is clear that the bacterium is not translating even though it is 
rotating flagella. The measured mean body rotation rate at pH4 PGM obtained 
here, ΩPGM, pH4 = 2.4± 0.7  Hz agrees to that obtained by Celli et al [21] ΩPGM, pH4~1.9 Hz. The body rotation rate in PGM at this pH is ~10 times smaller 
than in PGM at pH 7 and ~20 times smaller than in PGM at pH 5 and 6, however 
the same is not true in BB10 where the body rotation rate is effectively the same 
at pH 4-6. This indicates that the slow rotation rate of H. suis in PGM pH 4 is not 
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caused by impairing the motors in acidic conditions, but due to an increase in the 
viscoelastic characteristic of PGM at this low pH. 
Table 6.2: Values of V, Ω and V Ω for of EW swimming mode in PGM and BB10 
at various buffer pHs from Figure 6.3. The errors are the standard deviation of 
the population with exception to BB10 at pH 2, which is the uncertainty in the 
measurement. The pHs in parenthesis are the measured pHs. 
MEDIA pH 𝐕 𝛀 𝐕 𝛀 
BB10 
2 (4.1) 6± 3 22± 12 0.3± 0.2 
4 (4.7) 12± 3 31± 7 0.6± 0.4 
5 (5.2) 20± 5 35± 5 0.6± 0.2 
6 (5.7) 15± 6 31± 9 0.5± 0.3 
7 (6.2) * * * 
PGM 
2 (3.7) * * * 
4 (4.6) 4± 2† 2.4± 0.7 ‡ 
5 (5.4) 17± 7 40± 5 0.5± 0.3 
6 (6.1) 23± 8 48± 16 0.5± 0.2 
7 (6.7) 22± 9 27± 5 0.8± 0.2 
* There were no swimmers in BB10 pH 7 and PGM pH 2. 
† The bacteria were not translating, speed is effectively zero. 
‡ V Ω is undetermined since the speed is effectively zero. 
 
This statement can be confirmed by comparing the viscoelastic properties among 
the different PGM samples. Figure 6.1 C, F and Table 6.1 show that the viscosity 
at pH 4 is almost twice the viscosity at pH 5 but it is relatively constant at pH 5-6. 
Additionally the elastic modulus (G′) almost doubles when transitioning from 
pH 5 to pH 4 in the entire probed frequency range (see Figure 6.2 A), while it 
remains relatively constant at pH 5-7. Since an increase in viscosity increases 
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drag and an increase in elasticity increases stiffness, both characteristics 
contribute to hinder the motion, justifying the observed decrease flagella rotation 
rate at pH 4. It is important to note that even though the microrheology study 
presented in the previous section suggests that 1 µm beads did not experience a 
gelled medium, previous bulk-rheology and microrheology studies showed that 
there is a sol-gel transition at pH~4 [17, 19]. 
Figure 6.3 C and Table 6.2 confirm that V Ω (a measure of distance travelled 
during one body revolution) does not depend on the material properties, but on 
the bacterium morphology, as observed in CHAPTER 5. Figure 6.3 and Table 6.2 
indicate that among the BB10 samples H. suis swims faster at pH 5, among the 
PGM samples it swims faster in pH 6 and 7, and faster in PGM than in BB10 at 
pH 6. However those values are comparable within error so to draw further 
conclusions, I performed a population study reported in the next section. 
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6.4 EFFECTS OF pH ON MOTILITY OF H. SUIS 
 
Figure 6.5: Non-normalized distribution of Vrun of H. suis swimming in BB10 and PGM in 
various pHs. (A) Smooth histogram (thinner line) of Vrun of H. suis swimming in BB10 at 
pH 2,4-7 with 2 µm/s bin size with fitted EMG distribution (thicker line). (B) Smooth 
histogram (thinner line) of Vrun of H. suis swimming in PGM at pH 5, 6 and 7 (dashed 
line) with 2 µm/s bin size with fitted EMG distribution (thicker line); Vrun of H. suis 
swimming in BB10 at pH 5, 6 and 7 (continuous line) are repeated from (A) for 
comparison. In both figures, the dotted lines are the smooth histogram and the 
continuous lines are EMG fit (see text for details). (C) Cumulative EMG distribution of Vrun. 
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The effects of pH on motility can be probed by recording movies at 40X 
magnification and 33 fps, providing a larger sample of bacteria swimming in 
BB10 and PGM at various pHs. This procedure and analysis is the same 
performed in CHAPTER 5 section 5.2.4. The movies were tracked with software 
PolyParticleTracker [86] and their trajectories were segmented into runs by 
identifying reorientation events based on the methods of Theves et al [59] and 
Son et al [34], explained in CHAPTER 3 section 3.3.2.2. 
 Figure 6.5 shows the smooth histograms (dotted lines) of the distribution of 
speeds for BB10 and PGM at various pHs. The smooth histograms were found to 
fit well (𝑅! > 0.98) to an exponential modified Gaussian (EMG), commonly used 
for description of peak shape in chromatography [117] and is given by the 
equation below: 
𝑓 𝑥 = 𝐴2  exp 12𝜏 𝜎! 𝜏 − 2 𝑥 − 𝜇 1+ erf 𝑥 − 𝜇 − 𝜎! 𝜏2 𝜎  
where 𝜏 is the exponent relaxation constant, 𝜎 is the standard deviation of the 
Gaussian, 𝜇 is the expected value of the Gaussian and erf is the Gauss error 
function erf 𝑥 = !! !!!!!"!! . The mean, standard deviation (std), skewness 
(skew), mode and median can be obtained from the fitted parameters by [118]: mean = 𝜇 + 𝜏 
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std = 𝜎! + 𝜏! 
skew = 2𝜏!𝜎! + 𝜏! !/! 
mode = 𝜇 + 𝜎!𝜏 − sgn 𝜏 2 𝜎 erfxinv 𝜏𝜎 2𝜋  
and the median is the middle value of the normalized EMG. 
Table 6.3 EMG fitted parameters and distribution mean, standard deviation, 
skewness, mode and median the average run speeds (Vrun) of H. suis swimming 
in BB10 and PGM at various pHs. The pHs in parenthesis are the measured pHs. 
Media pH A 𝜇 𝜎 𝜏 mean std skew mode median 
BB10 
2 
(4.1) 
0.376± 0.009 2.04± 0.05 1.13± 0.07 5.5± 0.2 7.5 5.6 0.005 3.7 6.0 
4 
(4.7) 
0.301± 0.006 2.07± 0.04 1.11± 0.06 6.9± 0.2 9.0 7.0 0.003 3.8 6.9 
5 
(5.2) 
0.265± 0.007 2.53± 0.07 1.37± 0.09 7.9± 0.3 10.5 8.0 0.002 4.6 8.0 
6 
(5.7) 
0.34± 0.02 4.1± 0.1 2.3± 0.2 6.2± 0.4 10.3 6.6 0.003 6.8 8.7 
7 
(6.2) 
0.25± 0.01 4.1± 0.1 2.4± 0.2 8.4± 0.4 12.4 8.7 0.001 7.2 10.1 
PGM 
5 
(5.4) 
0.244± 0.006 2.96± 0.09 2.3± 0.1 8.6± 0.3 11.5 8.9 0.001 6.0 9.3 
6 
(6.1) 
0.240± 0.005 3.92± 0.08 2.13± 0.09 8.6± 0.2 12.6 8.9 0.001 6.8 10.2 
7 
(6.7) 
0.221± 0.006 2.02± 0.08 1.2± 0.1 9.0± 0.3 11.0 9.1 0.001 4.0 8.2 
 
A simple visual inspection of Figure 6.5 A suggests that the speed distributions of 
H. suis swimming in BB10 get broader, the modes get right-shifted and the 
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median increases with increasing pH. That is confirmed with the fitted 
parameters of the distributions (Table 6.3). The measured mean, mode and 
median of the run speeds in this medium increase with increasing pH and with 
exception of BB10 at pH6 the standard deviation increases at higher pHs. These 
results imply that the flagellar motors are somewhat affected by changes in pH, 
hindering the motion. A K-S test of the cumulative EMG distribution confirms 
that the speed distributions are significantly different among the different pHs in 
BB10 (𝑝 < 0.05, see Table 6.4), with exception of the pairs (pH 2, pH 4), (pH 4, pH 
5), and (pH 5, pH 6). This implies that the speeds are little affected by pH, 
requiring a net pH change higher than 2 to significantly affect the speeds. 
Table 6.4: Asymptotic p-value of K-S test used to compare the cumulative EMG 
distributions of the Vrun between all samples. The distributions are considered 
significantly different if 𝑝 ≤ 0.05. The red cells correspond to p-value of K-S test 
between the BB10 samples at various pHs; the violet cells correspond to p-value 
of K-S test between the PGM samples at various pHs; the green cells correspond 
to p-value of K-S test between BB10 and PGM samples at same pH. 
  BB10       
  pH2 BB10      
BB10 pH4 0.7323 pH4 BB10     
BB10 pH5 0.0016 0.1055 pH5 BB10    
BB10 pH6 0.0001 0.0216 0.2558 pH6 BB10   
BB10 pH7 <0.0001 <0.0001 <0.0001 <0.0001 pH7 PGM  
PGM PH5 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 pH5 PGM 
PGM pH6 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.6444 pH6 
PGM pH7 <0.0001 <0.0001 0.1393 0.1806 0.0007 <0.0001 <0.0001 
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Figure 6.6: Mean of speed distribution vs buffer pH for H. suis swimming in (A) 
BB10 and (B) PGM. Error bars are the standard deviation of the distributions. 
Top label shows the measured pHs of the solutions. 
When swimming in PGM, although the mean, mode and median of the speed 
distributions increase from pH 5 to pH 6, the K-S test suggests the distributions 
are statistically similar (𝑝 = 0.6444). On the other hand, the mean, mode and 
median of the speed distribution decrease from pH 6 to pH 7 and the 
distributions are statistically different (𝑝 < 0.05). The single-cell experiment 
shows a ~40% decrease in body rotation rate from pH 6 to pH 7 in PGM (see 
Figure 6.3 and Table 6.2) while in BB10 the population speed increases from pH 6 
to pH 7. This is an indication that the speed decrease from pH 6 to pH 7 in PGM 
is likely due to changes on the viscoelastic properties of PGM at pH 7.  
Figure 6.5 and the measured distribution parameters in Table 6.3 show that H. 
suis swims faster in PGM than in BB10 at pH 5 and pH 6, as observed previously 
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in H. pylori swimming in BB10 and PGM at pH 6 [4], indicating that at these pHs 
the viscoelastic properties of the surrounding medium can boost bacterial 
motility. 
Table 6.5 Percentage of motile bacteria in BB10 and PGM at various pHs. Bacteria 
were considered motile bacteria when 𝛼 > 1.2 [93]. The pHs in parenthesis are 
the measured pHs. 
 BB10 PGM 
pH 2 (4.1) 4 (4.7) 5 (5.2) 6 (5.7) 7(6.2) 5 (5.4) 6 (6.1) 7 (6.7) 
Motile (%) 71 70 77 80 77 86 87 71 
 
According to Table 6.5 the number of motile bacteria is higher for pH6 in BB10 
and PGM and decreases ~10% from pH 5 to lower pHs in BB10. Additionally the 
percentage of motile bacteria decreases ~18% from pH 6 to pH 7 in PGM but is 
relatively constant in PGM pH 5 and 6. 
Table 6.6: Mean, standard deviation, median and mode of the average run speeds 
(Vrun) and reorientation angle (𝜃re) of H. suis swimming in BB10 and PGM at 
various pHs. The pHs in parenthesis are the measured pHs. 
 Media pH Mean Std Median Mode 
𝜃re( o) BB10 
2 (4.1) 75 54 65 0 
4 (4.7) 82 55 74 13 
5 (5.2) 77 56 65 13 
6 (5.7) 70 54 54 7 
7 (6.2) 73 57 57 7 
PGM 
5 (5.4) 62 50 46 16 
6 (6.1) 66 51 51 18 
7 (6.7) 70 55 50 16 
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Figure 6.7: Distribution of 𝜃re of H. suis swimming in BB10 and PGM in various 
pHs. (A) Smooth histogram of 𝜃re of H. suis swimming in BB10 at pH 2,4-7 with 
15o bin size (B) Smooth histogram of 𝜃re of H. suis swimming in PGM at pH 5, 6 
and 7 (dotted line) with 15o bin size; 𝜃re of H. suis swimming in BB10 at pH 5, 6 
and 7 (continuous line) are repeated from A for comparison. (C) Cumulative 
distribution of 𝜃re. 
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Table 6.7: Asymptotic p-value of K-S test used to compare the cumulative 
distributions of 𝜃re  between all samples. The distributions are considered 
significantly different if 𝑝 ≤ 0.05. The red cells correspond to p-value of K-S test 
between the BB10 samples at various pHs; the violet cells correspond to p-value 
of K-S test between the PGM samples at various pHs; the green cells correspond 
to p-value of K-S test between BB10 and PGM samples at same pH. 
  BB10       
  pH2 BB10      
BB10 pH4 1.0000 pH4 BB10     
BB10 pH5 1.0000 1.0000 pH5 BB10    
BB10 pH6 1.0000 0.9913 0.9913 pH6 BB10   
BB10 pH7 1.0000 0.9913 1.0000 1.0000 pH7 PGM  
PGM PH5 0.9913 0.7864 0.7864 0.9913 0.7864 pH5 PGM 
PGM pH6 0.9913 0.7864 0.9913 1.0000 0.9913 1.0000 pH6 
PGM pH7 1.0000 0.9913 0.9913 1.0000 1.0000 0.9913 0.9913 
 
Figure 6.7 shows the smooth histograms (dotted lines) of the distribution of 
reorientation angles (𝜃re) for H. suis swimming in BB10 and PGM at various pHs 
and Table 6.6 shows the distribution parameters. A visual inspection of the 
distributions indicates no significant changes of reorientation angles among 
different pHs in BB10 and PGM, and no significant changes between BB10 and 
PGM at pH 5-7. A statistic K-S test performed between pairs of all the cumulative 
histogram distributions confirms this (see Table 6.7) where all obtained values of 𝑝 > 0.05 , implying that all reorientation angle distributions are statistically 
similar. The curves show a high, narrow primary peak at low angles 
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accompanied by a broad distribution at high turn angles. These results expand 
the previous finding in pH6 (CHAPTER 5) to various pHs, indicating that the 
swimming strategy of H. suis is not affected by changes in pH or by the 
viscoelasticity of PGM at pH 5-7.  
6.5 CONCLUSION 
The overall conclusion of this work is that H. suis stops swimming in PGM at pH 
4 and lower solely due to an increase in the viscoelasticity of PGM, which goes 
through a sol-gel transition at pH4. The external pH did not significantly affect 
the motors to justify the hindered motion.  
The single-cell experiment showed that H. suis swims predominantly in EW 
mode in broth independent of pH as well as in PGM at various degrees of 
viscoelasticity due to changes in pH, revealing that contrary to previous findings 
in S. putrefaciens [64], the ability of the flagella bundle of H. suis to wrap around 
the body is not triggered by an increase in rotational drag. Additionally while 
translational and rotational speeds were relatively constant at various pHs in 
broth, in PGM pH4 the rotational speed of the body decreased by an order of 
magnitude when compared to pH 5 and higher. This indicates that this effect is 
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due to changes in the viscoelasticity of PGM, confirmed by microrheology, where 
the viscosity and elastic modulus increased with decreasing pH from 6 to 2.  
The distribution of run speeds of H. suis obtained by tracking larger number of 
bacteria follows an exponentially modified Gaussian, differently than the run-
reverse unipolar bacterium P. putida [59] which follows a distribution of a sum of 
two Gaussians. P. putida swims with different mean speeds for pusher and puller 
modes, while due its flagellar bipolarity the reversal of H. suis is symmetrical. 
Added to that H. suis has extra swimming modes, displaying WW and EE 
modes, where the speeds are much reduced and the trajectories have many more 
reorientations, as well as being able to swim rotating only one bundle 
(CHAPTER 5) at a time. 
The distribution of reorientation angle is not significantly changed by pH or 
PGM at various pHs, displaying a maximum at small angles that decrease until 90° and is kept relatively constant until 180°. This indicates that the swimming 
strategy of H. suis is not significantly altered by external pH or viscoelasticity of 
the medium, in agreement to observations obtained by the single-cell analysis. 
Therefore the small changes in speed distribution due to varying external pH 
broth is exclusively due to small decrease in the motor torque as result of small 
changes in the bacterium internal pH, and the changes in the speed distribution 
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in PGM at pH 5 and 6 when compared to broth is exclusively due to the changes 
in the viscoelastic properties of PGM. 
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CHAPTER 7: CONCLUSION 
In this dissertation I investigated how bacterial motility of Helicobacter pylori is 
affected by two characteristics of bacterial morphology, helical body shape and 
arrangement of flagella, and by two characteristics of the environment, pH and 
viscoelasticity. 
In a comparison between single-cell experimental measurements of helical-
shaped H. pylori as well as its isogenic rod-shaped mutant (swimming in 
bacterial broth as well mucin solution) and theoretical calculations done by 
collaborators using the method of regularized Stokeslets, the helical body shape 
of H. pylori was quantitatively determined to have a small influence in the 
swimming speeds, being responsible to a maximum contribution of 15%. This 
small contribution to speed by a helical body is attributed to the relatively small 
counter-rotation of the body when compared with the rotation of the flagellar 
bundle. This result agrees qualitatively with previous work by Martinez et al [4], 
where the average speed of a population of helical-shaped H. pylori was shown 
to swim 10% faster than the population of its rod-shaped isogenic mutant. In 
contrast to the average speed and average morphology measurements of [4] the 
measurements presented here were obtained by imaging individual cells with 
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time-resolved phase contrast microscopy at faster frame rates and higher 
magnification to determine the body rotation rate on top of the translational 
speed and body shape parameters using readily available tracking and cell-shape 
analysis software. This imaging configuration enabled the visualization of the 
direction of body rotation which reversed after reversing swimming direction. 
This led to the conclusion that H. pylori maintains the handedness of the flagellar 
bundle upon reversal. 
Due to the small thickness of the flagellar bundle (~70 nm), the phase contrast 
microscope normally does not provide enough image contrast to determine the 
geometrical shape parameters or the rotation rate of the bundle. Even with these 
limitations the rotational speed of the flagellum one bacterium (which was 
swimming in PGM solution at pH6) could be obtained from a few frames to be 6 
times of the body counter-rotation rate. Moreover, the geometric parameters of 
the flagellar bundle as well as its orientation angle with respect to the body could 
be estimated for this bacterium. The lack of information on the flagellar bundle 
axial length, pitch, radius and thickness forced the theoretical calculations to use 
the average flagellum shape parameters of a population of H. pylori obtained by 
Martinez et al [4] and to explore different orientation angles in the calculations to 
find the best fit to the speeds. This could have been avoided if flagellin-labeled H. 
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pylori were available, since the usual flagella visualization by labeling it with an 
external dye does not work due to the flagella being coated by the same 
membrane as the body; hence overshadowing the flagella fluorescence. 
Nevertheless the best fit between measured and calculated speeds placed 
between the maximum and minimum calculated speeds by varying the 
orientation angle and bundle thickness, and matched the orientation angle 
visualized in the only bacterium where the bundle could be clearly visualized, 
thus validating the model.  
These results combined with conclusions of Martinez et al work [4] that speeds 
are mostly affected by flagella, leads to the next investigation performed here on 
the effects of arrangement of flagella in the motility of Helicobacter species. 
Using the same experimental method to obtain translational and rotational speed 
as well as body parameters for individual bacteria with different configuration of 
flagella, bipolar H. cetorum was found to swim faster than unipolar H. pylori. The 
expected swimming speed of H. pylori would be faster than H. cetorum due to H. 
pylori having (in average) shorter length (hence decreasing body drag), a helical 
body shape (increasing thrust) and one more flagellum (hence increasing motor 
torque) than H. cetorum. However nothing is known about the motors of H. 
cetorum and there are very few studies on its morphology. Moreover the 
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hydrodynamics of a wrapped flagellum can differ significantly from that of an 
extended flagellum, so a model of bipolar flagellated bacteria such as the 
regularized Stokeslet method could help explain these findings. 
Imaging at fast frame rate and high magnification combined with H. suis having 
a large number of flagella in each pole (thus having a thick flagellar bundle) 
enabled the visualization of the dynamics of each bundle during swim, revealing 
that the flagellar bundle can be extended away from the body or wrapped 
around the body where the bundle can switch between the two interchangeably. 
The wrapping has been observed before in monotrichous bipolar M. magneticum 
[63] and monotrichous unipolar S. putrefaciens mutant [64], but here I show 
evidence that this is also possible in a flagellar bundle, matching observations 
presented by Hintsche et al at the March 2017 American Physical Society meeting 
on lophotrichous bipolar P. putida [110]. H. suis was found to swim primarily 
with the leading bundle rotating wrapped around the body while the lagging 
bundle rotated extended behind the body, in accordance to previous 
observations on M. magneticum [63]. Also in accordance to M. magneticum [63] 
situations in which both bundles rotate extended or both rotate wrapped were 
observed, where the bacterium swam with a much decreased speed and more 
trajectory reorientations, however here I also observed situations in which only 
	 
155	
one flagella bundle was active at a time. Even though I was able to reveal the 
dynamics of the coordination of the bipolar bundles of H. suis to swim 
effectively, this work did not elucidate how the dynamics is regulated, and is left 
for future work. 
Additionally, due to H. cetorum having a single flagellum at each end of the 
body, phase contrast microscopy was not able to image the flagella dynamics of 
this bacterium and whether it assumes the same wrapped/extended swimming 
modes as observed in H. suis remains open for future investigations. As a 
suggestion for future work, this could be accomplished by labeling the flagellin 
of the bacterium. 
When the pH of broth was changed from pH 2 to 7, the single-cell measurements 
of H. suis indicated that the body rotation rate and speed was not significantly 
altered implying that the flagella motors are not significantly affected by an 
external change in pH with phosphate/succinate buffers. However when the pH 
of PGM was altered to 4 the body rotation rate of the bacterium decreased by an 
order of magnitude when compared to pH 5 and above, and was completely 
hindered at pH 2. Although the bacterium flagella bundle was rotating at pH 4 
the bacterium was stuck, not being able to translate. The results indicate that in 
the absence of urea H. suis is not able to move in PGM at pH 4 and lower due an 
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increase in the viscoelasticity of PGM at low pH, which goes through a sol-gel 
transition at pH 4, and not due to the motors being poisoned by acidity. 
Additionally H. suis swims faster in PGM at pH 5 and 6 than in broth at same 
pHs, revealing that the viscoelasticity of PGM at these pHs can confer the 
bacterium a swimming advantage over low viscosity media. 
Previous studies on E. coli and Salmonella [65–69] revealed that motility is not 
affected by external pH but by cell internal pH. Internal pH can be modified by 
addition of a weak acid in the medium because weak acids are known to 
permeate biological membranes. Although the components of the buffer used 
here, phosphoric acid and succinate acid, have weak acidity the results indicate 
that those acids did not permeate the bacterium membrane, which is an 
indication that the sheath that involves the flagella of Helicobacters does not allow 
weak acids to permeate consequently avoiding motor poisoning. However, to 
confirm this, I suggest that an experiment where the same weak acid used in 
previous studies on E. coli and Salmonella [65–69] should be added to the 
medium. 
The movies show that the bundles switch swimming mode from extended to 
wrapped and from wrapped to extended in order for the bacterium to swim in 
other directions and explore the environment with a constant probability of 
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turning angles above 100°. It was visually observed that the direction of body 
rotation changed when the bundles switch modes, which leads to the belief that 
the bundle conformational change does not explore buckling instability of the 
hook, but rather is likely to be a dynamic conformational change triggered by the 
direction of rotation of the flagella. Kuhn et al study on S. putrefaciens revealed 
that the wrapping of flagellum is triggered by an increase in rotational drag on 
the bacterium body due to the bacterium being trapped or by increasing the 
viscosity of the medium, however here the occurrence of wrapped flagellar 
bundle was observed in free swimmers at low viscosity and in viscoelastic 
medium with increased viscosity. 
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APPENDIX A 
A.1 HOMEMADE BRUCELLA AGAR PLATES WITH 10% SHEEP 
BLOOD FOR H. PYLORI 
Materials 
• 22.5 g of Brucella Agar Medium base (BD BBL™, 211086); 
• 440 ml of autoclaved MilliQ water; 
• 50 ml of defibrinated sheep blood (Thermo Scientific™, R54012) heated to 
37oC. Bovine blood can also be used; 
• 10 ml (one vial for 500 ml) of Vitox supplement (Thermo Scientific™ Oxoid™, 
SR0090A), optional. If opted out adjust MilliQ water volume to 450 ml; 
• 1ml (one vial for 500 ml) of Skirrow supplement for 500 ml (Thermo 
Scientific™ Oxoid™, SR0069E), optional; 
Add MilliQ water to Brucella agar base and mix with magnetic stirrer until 
homogenized. Autoclave for 15 minutes at 15 psi pressure-121oC and cool down 
in water bath to 50oC. Add Vitox and Oxoid supplements and mix with magnetic 
stirrer. Add defibrinated blood and mix with magnetic stirrer. Pour into sterile 
Petri dishes. If bubbles are formed when pouring, a flame can be used to 
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eliminate them. Wait until agar is solidified, turn plates upside down and stack 
into groups of 5-10 to minimize condensation. Once the plates have cooled down, 
store in sealed plastic containers in 4oC. Plates are fresh for one month. 
A.2 BRUCELLA BROTH WITH 10% FETAL BOVINE SERUM (BB10) 
Materials 
• 14 g of dehydrated Brucella broth (BD BBL™, 211088; or Thermo Scientific™ 
Remel™, 211086); 
• 450 ml of autoclaved MilliQ water; 
• 50 ml of sterile Fetal Bovine Serum (FBS, GIBCO, 16000044) heat inactivated 
(heat inactivation protocol is below); 
FBS heat-inactivation:  
If FBS is frozen allow it to thaw at room temperature or in 4oC and mix using 
vortex. Add to sealed plastic container and submerge in 56oC water bath for 30 
minutes. It can be used right away once it has cooled down to 37 oC. Heat-
inactivated FBS can be frozen after cooling down for later use.  
BB10 preparation: 
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Add MilliQ water to Brucella broth and mix with magnetic stirrer until 
homogenized. Autoclave for 15 minutes at 15 psi pressure-121oC and let cool 
down to at least 37oC. Add heat-inactivated FBS and mix with magnetic stirrer. 
Aliquot into 50ml sterile sealed tubes and store at 4oC. BB10 is fresh for one 
month. 
A.3 HOMEMADE BRUCELLA AGAR PLATES ADJUSTED TO pH 5 
FOR H. SUIS 
Materials 
• 22.5 g of Brucella Agar Medium base (BD BBL™, 211086); 
• 388 ml of autoclaved MilliQ water; 
• 100 ml of sterile Fetal Bovine Serum (FBS, GIBCO, 16000044) heat inactivated 
heated to 56oC; 
• 10 ml (one vial for 500 ml) of Vitox supplement (Thermo Scientific™ Oxoid™, 
SR0090A), optional. If opted out adjust MilliQ water volume to 398 ml; 
• 1 ml (one vial for 500 ml) of Skirrow supplement for 500 ml (Thermo 
Scientific™ Oxoid™, SR0069E), optional; 
• 0.7 ml of HCl (37%). 
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Add MilliQ water to Brucella agar base and mix with magnetic stirrer until 
homogenized. Autoclave for 15 minutes at 15 psi pressure-121oC and cool down 
in water bath to 56oC. Add Vitox and Skirrow supplements and mix with 
magnetic stirrer. Add heat-inactivated FBS and mix with magnetic stirrer. Add 
HCl and mix with magnetic stirrer. Pour into sterile Petri dishes. If bubbles are 
formed when pouring, a flame can be used to eliminate them. Wait until agar is 
solidified, turn plates upside down and stack into groups of 5-10 to minimize 
condensation. Once the plates have cooled down, store in sealed plastic 
containers in 4oC. Plates are fresh for one month. 
A.4 BRUCELLA BROTH WITH 10% FETAL BOVINE SERUM 
ADJUSTED TO pH5 FOR H. SUIS (BB10pH5) 
Materials 
• 50 ml of BB10 (description of protocol in section A.2) 
• 70 µl of HCl (37%); 
Add HCl to BB10 and mix using vortex. Store in 4oC. Broth is fresh for one month 
after BB10 preparation date. 
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SUPPLEMENTARY MATERIALS 
Movie S1: Motility of LSH100 WT (helical) H. pylori swimming in PGM (15 
mg/ml) imaged with 100× lens, 200 fps. 
Movie S2. Flagellar bundle visualization. 
Movie S3. Motility of LSH100 Δcsd6 (rod mutant) H. pylori swimming in PGM (15 
mg/ml) imaged with 100× lens, 100 fps. 
Movie S4. Motility of LSH100 WT (helical) H. pylori swimming in BB10 imaged 
with 100× lens, 200 fps. 
Movie S5. Motility of LSH100 Δcsd6 (rod mutant) H. pylori swimming in BB10 
imaged with 40× lens, 30 fps. 
Movie S6: Flagellar bundle wrapped around the cell. H. suis swimming in PGM 
(15 mg/ml) pH5 imaged with 100× lens, 100 fps. 
Movie S7. Inactive extended flagellar bundle and active wrapped flagellar 
bundle H. suis swimming in BB10 adjusted to pH5 with HCl, imaged with 100× 
lens, 100 fps. 
Movie S8. H. suis swimming in a micro-channel formed in PGM (15 mg/ml) pH6, 
with 100× lens, 343 fps. 
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Movie S9. H. suis transitioning from EE to EW and EW to WW swimming in 
BB10 adjusted to pH5 with HCl, imaged with 100× lens, 100 fps. 
Movie S10. H. suis swimming in WW mode in PGM (15 mg/ml) pH6, imaged 
with 100× lens, 100 fps. 
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